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ABSTRACT 
 
This research falls under the umbrella of an Australian – Federal Government funded Bushfire 
Cooperative Research Centre (CRC) project titled “Improved methods for assessment and prediction 
of grassland curing”.  This CRC project aims to develop satellite remote sensing as a key tool to assess 
curing to support fire danger prediction across Australia and New Zealand.  The behaviour of fire may 
vary depending on fire weather conditions (relative humidity and wind speed/direction), landscape 
factors (topography and land cover) and fuel condition (fuel moisture content (FMC) and hence, 
grassland curing).  While grasslands cover ~75% of Australia and ~65% of New Zealand, FMC and 
curing determine the vulnerability of grasses to propagate and carry fire.  Grassland curing is the 
progressive senescence and drying out of a grass, which is defined as the percentage of dead material 
in the grass sward.  Together with air temperature (°C), relative humidity (%) and wind speed (km h
-1
), 
the degree of curing is an input into the grassland fire danger meter, which is used to provide regional 
fire danger warnings in southern Australia, and to gain reliable information for purposes of fire control 
and prescribed burning in northern Australia.  Satellite remote sensing systems can monitor curing 
using a combination of specific wavelengths sensitive to certain biophysical changes such as cellular 
structure, and changing levels of chlorophyll content, cellulose content and water content.  Since the 
1980s, National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution 
Radiometer (AVHRR) data have been used operationally to derive, via the normalised difference 
vegetation index (NDVI), satellite-based maps of grassland curing across southeastern Australia.  
These curing maps are based on an algorithm developed initially by Commonwealth Scientific and 
Industrial Research Organisation (CSIRO) and the Victorian Country Fire Authority (CFA).  This 
algorithm; however, was based on curing data collected from improved pastures in Victoria and may 
not be appropriate for other grassland types (such as, native grasses) and other regions.  Also, these 
satellite measurements are complemented by in situ visual observations, which are generally sparse 
over both space and time and their accuracy may vary greatly depending on observer experience. 
 
In order to improve current methods of grassland curing prediction, the Earth Observation System 
(EOS) MODerate resolution Imaging Spectroradiometer (MODIS) sensor was the main satellite sensor 
used in this research.  This instrument can generally provide more detailed assessments of vegetation 
than the older AVHRR, and has the potential to provide better curing estimates due to its greater 
number of spectral bands, higher spatial and spectral resolution, better calibration and cloud detection, 
and lower susceptibility to atmospheric effects.  At twenty-nine field sites across Australia and New 
Zealand, MODIS observations were captured in time-series (2005 to 2008) of reflectance data.  At two 
field sites, the in situ observations also included field spectroscopy.  These spectral measurements 
gave an insight to the spectral behaviour of grasslands with curing at nanometer spectral resolution 
(from 350 to 2500 nm) and allowed simulation of the MODIS band passes and responses.  It was 
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found that as grasses cure, the reflectance spectra tend to consistently increase in the visible and mid 
infrared (MIR).  In the near infrared (NIR); however, high variation was apparent, suggesting that the 
MODIS NIR bands (2 and 5) will not be straightforward indicators of curing.  At each field site, these 
MODIS observations were compared with field measurements using three different methods to 
estimate curing: destructive sampling, visual observations and Levy rod sampling.  Destructive 
sampling of curing involved collecting grass samples in the field and sorting them into live and dead 
material in the laboratory, then oven-drying and weighing these live and dead components to calculate 
the proportion of dead fuel.  Visual assessments were made by observers in the field, estimating the 
proportion of dead grass present.  The Levy rod method, entailed counting live and dead grasses that 
come in contact with a thin steel rod placed vertically into the ground at several points along a 
transect.  This method was found to exhibit the most accurate results.   
 
Subsequently, these spectral measurements identified which spectral regions are most sensitive to 
changing levels of curing and FMC.  Using MODIS bands to derive a comprehensive list of vegetation 
indices, these results identified subtle differences in how the in situ measurements correlated with 
satellite observations between differing regions and grass types; improved pastures, native (and 
hummock) grasses, and mixed grasses.  For each of these grass types, and for all grass types together, 
the vegetation indices found to best predict curing were NDVI and the modified NDVI.  Even though 
NDVI exhibited strong (and significant, p < 0.0001) correlations with (Levy rod) curing across all 
Australian sites (rmse = 13.42%), over a dozen other indices exhibited similar results.  A number of 
multiple linear regressions (MLRs) were then tested to further improve the accuracy of curing 
assessment.  Further improvement was exhibited from a MLR of NDVI and a ratio of two MODIS 
bands in the MIR wavelengths (rmse = 10.36%, p < 0.0001).  While NDVI tended to distinguish green 
grass from cured grass (at most field sites), the ratio of these two bands tended to distinguish cured 
grass from bare soil.  These candidate vegetation indices and MLRs; however, were also tested across 
various spatial scales.  Since the in situ and satellite comparisons were based on single pixel MODIS 
data, curing was then predicted from a range of spatial window sizes to quantify the sensitivity of each 
algorithm to variability in land cover. 
 
In summary, this research has provided improvements to current operational satellite remote sensing 
methods for the assessment of grassland curing across Australia and New Zealand.  Rather than 
deriving a satellite algorithm from in situ visual observations carried out in Victorian improved 
pastures alone, this research has used a more accurate technique, Levy rod sampling, at twenty-nine 
field sites of different soil and grass types, and in different climate zones.  Using MODIS satellite 
imagery to capture these grasslands, the results from this thesis have confirmed NDVI to be the best 
performing index for curing prediction across all Australian sites and bio-climatic regions.  It is hoped 
that the information produced from this research will provide the basics for sound science to support 
fire management across Australia and New Zealand in protecting life and property from grassfires. 
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1 INTRODUCTION 
 
 
This research was conducted under the umbrella of a large project within the Australian Federal 
Government funded - Bushfire Cooperative Research Centre (CRC), titled “Improved methods for 
Assessment and Prediction of Grassland Curing” (Project A1.4).  It develops satellite remote sensing 
as a key tool to assess grassland curing across Australia and New Zealand (NZ), and aims to improve 
current methods to provide better fire prediction.  To introduce this research, this chapter will give a 
brief overview of the nature of bushfires in Australia and New Zealand, and will simply outline the 
assessment of senescence (curing) of grasslands using satellite remote sensing and in situ 
measurements.  This chapter presents the aim and rationale of this research to provide an 
understanding of the purpose of this work, and more importantly, how this research can contribute to 
land and fire management agencies. 
 
1.1 BACKGROUND 
 
Globally, most of the world‟s terrestrial ecosystems are affected by wildfire.  In an open environment, 
with the exception of Antarctica, virtually no region of the world is free from fire (Luke and 
McArthur, 1978).  In Australia, fires are a major socio-economic and natural hazard, affecting over 
25,000 km
2
 of land annually.  This figure; however, remains uncertain owing to the difficulty in 
distinguishing between wildfires and agricultural/cultural burning-off.  In 1992, for example, 74,000 
km
2
 of land was burnt in the Northern Territory (NT), and the proportion burnt by wildfires is 
unknown (Cheney and Sullivan, 2008).  In addition, the area of burnt land can easily rise in a severe 
fire season such as the summer of 2008/2009 when the Victorian Black Saturday fires (February 7
th
 
2009) took 173 lives and burnt 430,000 hectares of land, along with 2000 properties and 61 businesses 
(Teague et al., 2009).  New Zealand forests and grasslands may also reach a hazardous condition and 
become vulnerable to burning in the summer months, though at a much smaller scale than fires in 
Australia (Luke and McArthur, 1978).   
 
Whether it is natural or human induced, fire affects the climate, atmospheric chemistry and vegetation 
distribution (Commission of the European Communities, 1994; Pyne et al., 1996) all around the world.  
Biomass burning, which constitutes wildland fire, agricultural burning, fuel wood consumption and 
charcoal production, emits aerosols and gases into the atmosphere.  The effect on fauna and flora; 
however, is profound.  Fire affects certain characteristics such as nutrient availability, plant species 
distribution, vertebrate and invertebrate populations (Jensen, 2000).  The effect of fire on vegetation is 
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an arguable subject, although the general effects can be described.  Fire can generate the release of 
seeds in some species, and also stimulate the flowering/fruiting of various herbs and shrubs.  Fire 
removes litter from forest floors, which controls the germination and survival of many forest species.  
It may also change the diversity of a plant community, and on a short term scale; reduce the 
competition for nutrients and moisture.  Fire also affects soils by influencing a soil‟s structure, 
temperature, and the ability of a soil to absorb and store moisture (Pyne et al., 1996). 
 
Grasslands, including open forests/woodlands, grass and scrub mixes, cover ~75% of Australia 
(Cheney and Sullivan, 2008) and ~65% of New Zealand (Fogarty and Pearce, 1995; Newsome, 1987).  
Both Australia and New Zealand are abundant in some type of grass, whether it is sparse or dense, 
native or an improved pasture.  It is therefore a vital vegetation type to explore in regards to fire.  
Regardless of meteorological conditions, the chance of grass igniting and propagating a fire is 
dependent on the fuel moisture content (FMC) (Cheney and Sullivan, 2008), which varies with 
senescence, known as curing (Anderson et al., 2005; Barber, 1990; Dilley et al., 2004; Paltridge and 
Barber, 1988; Tucker, 1977).  This assumption may be acceptable for some species; however, it 
cannot be generalised for all ecosystems (Ceccato et al., 2001).  This encourages the need to assess 
FMC and curing over a wide range of grass types and species.  The value of assessing grassland curing 
is based on knowledge that the curing state of grass (measured as a percentage) has a strong influence 
on the ability of fire to spread and the rate at which fire spreads (Barber, 1979).  It is of interest to 
estimate the curing state of grasses to predict fire danger and to assist in fire management.  This is 
carried out by mapping curing levels as an input into the Grassland Fire Danger Index (GFDI).  The 
rate of curing; however, varies due to climatic differences and variability in topography and grass 
type.  For example, southern regions of Australia receive low rainfall during the summer months 
(December to February), which is when native grasses, cereal crops and pastures cure and reach their 
most flammable state (Barber, 1979).  Without rain in these temperate regions, improved pastures in 
this region progress from their seed heads maturing to becoming fully cured in six to eight weeks.  In 
northern Western Australia (WA); however, native grasses in this region are characterised by a much 
slower rate of curing (Cheney and Sullivan, 2008).   
 
Using field-based estimates of curing and FMC, and satellite remote sensing, grassland curing has 
been assessed by fire agencies in southeastern Australia (Dilley et al., 2001; Paltridge and Barber, 
1988).  Using the red and near infrared (NIR) spectral bands, National Oceanic and Atmospheric 
Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) is used to compute 
the normalised difference vegetation index (NDVI).  This sensor has been used in past research and 
has been used operationally to produce a satellite curing index since the 1980s across southeastern 
Australia (Anderson et al., 2005).  Some previous efforts to develop a satellite curing assessment have 
estimated FMC from the satellite measurements, then converted FMC to curing (Dilley and Edwards, 
1998; Dilley et al., 2004). This has often been done using a relationship between a grassland curing 
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index (GCI) and FMC developed by Barber (1990) using data supplied by McArthur (1966).  
Although suggested as being species specific, the use of the GCI-FMC relationship, avoids the 
uncertainties that arise from visual curing observations (Dilley and Edwards, 1998).  Nevertheless, the 
current operational method to find the degree of curing converts NDVI to GCI (Dilley et al., 2004).  
Even though these past studies have made a great contribution to the knowledge in grassland curing 
assessment, the current grassland curing algorithm requires additional work to account for variation in 
grass and soil type, topography and climate.  So as to improve fire and land management, and fire 
danger prediction, this algorithm is in need of improvement to better predict curing across Australia 
and New Zealand. 
 
1.2 RATIONALE 
 
Currently the Bureau of Meteorology distributes grassland curing maps for southeastern Australia 
which are derived from AVHRR satellite data, using an algorithm developed by Commonwealth 
Scientific and Industrial Research Organisation (CSIRO) and Victoria‟s (VIC) Country Fire Authority 
(CFA).  These AVHRR measurements are complemented by visual observations in the field, which 
are generally sparse over both space and time and their accuracy may vary greatly depending on 
observer experience (Anderson et al., 2005; Barber and Paltridge, 1986).  Also, these visual 
observations on which this algorithm was initially developed and validated, were only collected from 
improved pastures in Victoria and may not be appropriate for other regions and grassland types.  The 
in situ observations of curing are therefore in need of improvement.  Potentially, the AVHRR satellite 
observations may not monitor vegetation as accurately as the Earth Observation System (EOS) 
MODerate resolution Imaging Spectroradiometer (MODIS) system.  MODIS has the potential to 
provide enhanced grassland curing estimates due to its greater number of spectral bands, higher spatial 
and spectral resolution, better calibration, better cloud detection and less susceptibility to atmospheric 
effects.   
 
The Bushfire CRC covers a wide range of social and environmental issues, and emphasises that fire 
management should be underpinned by reliable prediction tools which are research-based.  This 
project in particular, led by Stuart Anderson (Scion Research, New Zealand), was designed to run for 
six years; from July 2004 to June 2010.  Across Australia and New Zealand, a number of participants 
have been involved in this project.  These include Scion, CSIRO, New South Wales (NSW) Rural Fire 
Service, University of NSW – Australian Defence Force Academy, Queensland Fire and Rescue 
Service, South Australia (SA) Country Fire Service, SA Department of Environment and Heritage, 
Victoria‟s CFA, Bureau of Meteorology (BOM), WA Department of Conservation and Land 
Management, WA Department of Land Information, and Bushfires Council of the NT.   
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1.3 THESIS AIM 
 
The aim of the Bushfire CRC project was to develop improved methods for the assessment and 
prediction of grassland curing, as an input into fire danger rating systems and fire behaviour models.  
Outputs from these models provide input into a range of fire management strategies and decisions, 
such as implementation of prescribed burning programs, determining fire preparedness levels, 
imposition of fire restrictions, safe fire fighting actions, and public warning.  Moreover, this project 
aims to make the best use of emerging technology, so that the usefulness of the results will continue in 
future years.  As part of this CRC project, the aim of this research was to produce a better satellite 
based grassland curing index and to establish algorithms to estimate curing routinely across Australia 
and New Zealand.  In situ data were not only collected from sites in Victoria, but from thirty-one field 
sites, of differing grass and soil type, climate and topography, around Australia and New Zealand.  
Field curing sampling entailed three techniques: visual observations, Levy rod sampling and 
destructive sampling, which was also used to measure FMC.  These in situ measurements were 
conducted to then compare with MODIS satellite data, from which vegetation indices were derived.  
Many of these (MODIS) vegetation indices were correlated against (in situ) curing measurements to 
identify the best prediction of grassland curing from satellite. 
 
1.3.1 Research Questions 
 
The research questions addressed in this thesis are: 
1. Which spectral regions exhibit the strongest response to changes in grassland curing? 
2. How may satellite measurements in several spectral bands be best combined to quantitatively 
estimate the degree of curing? 
3. How do factors such as grassland type and climate influence satellite-based curing estimates, 
and hence, how do these estimates vary in different geographical regions? 
4. How do non-grassland surfaces, such as tree cover, influence the performance of curing 
algorithms, and how does the accuracy of curing estimates vary with spatial scale? 
 
1.4 THESIS STRUCTURE 
  
This thesis comprises of a series of investigations, which relate to the search for an improved satellite-
based assessment of grassland curing.  The chapters are organised in order of which the work was 
conducted, as summarised in Figure 1.1.  The extensive in situ observations in Chapter 3, for instance 
created an understanding of the nature of curing with respect to differing grass and soil types, and 
variability in climate around Australia and New Zealand.  These observations were compared with 
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curing assessment from preceding studies to gain a broad knowledge of the techniques and data 
analysis used in past research.  The objective of the satellite remote sensing element was to correlate 
the first seven MODIS spectral bands and derived vegetation indices with the curing estimates 
(Chapter 5) to then rely on satellite imagery for curing assessment.  These satellite comparisons were 
also tested with spatial scale (Chapter 6), and comparisons were made between in situ measurements 
and NDVI derived from AVHRR (the current operational curing assessment platform in Australia) 
(Chapter 7).  The results from these chapters are drawn to a close in the conclusions, where final 
discussions outline the overall findings of this research.  
 
 
Figure 1.1 Flow diagram of thesis structure 
 
1.4.1 Outline of Chapters 
 
The thesis is presented in eight chapters outlined as follows: 
 
Chapter 2 (LITERATURE REVIEW) provides a background to the research of satellite remote 
sensing of grassland curing.  The characteristics of various grasslands are first examined, with a 
specific focus on the physiological changes grasses undergo during curing and how this can be 
assessed via FMC and its influences on the chance of fire spread.  Following a description of the 
Australian and New Zealand fire danger rating systems, this chapter will review the spectral responses 
of vegetation (using satellite remote sensing), and vegetation indices used to estimate grassland curing.   
 
Chapter 3 (SITE CHARACTERISATION AND IN SITU OBSERVATIONS) describes the climate 
and vegetation characteristics of the field sites.  In order to understand the variability of land-cover 
types, this chapter explores Research Questions 3 and 4, which aim to explore the effects that grass 
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type, climate, and tree cover have on the overall algorithm to predict curing.  The homogeneity of each 
site is investigated using Landsat imagery to find how representative each sampling point is of a 1.5 * 
1.5 km area (around the field site).  In situ observations of curing and FMC are presented, and in order 
to explore which spectral regions are most sensitive to curing (Research Question 1), spectral 
measurements taken in a laboratory experiment and in the field are also presented. 
 
Chapter 4 (SATELLITE OBSERVATIONS) examines and compares, for each field site, the band 
reflectances and vegetation indices generated from the MODIS data.  In order to identify the bands 
and vegetation indices of most significance (in response to Research Question 2), a multiple linear 
regression (MLR) and factor analysis was utilised.  This chapter not only focuses on the accuracy of 
MODIS satellite observations, but also differentiates the field sites from each other according to grass 
type, climate and geographical region (Research Question 3).      
 
Chapter 5 (COMPARATIVE ANALYSIS OF SATELLITE AND IN SITU OBSERVATIONS) 
addresses Research Questions 1, 2 and 3 by investigating which spectral bands, vegetation indices and 
MLRs correlate best with curing and FMC by comparing MODIS satellite data with in situ 
observations.  This is carried out for all sites in Australia, for all sites during the critical curing period, 
where curing exceeds 60%, and for each grass type (improved pastures, native grasses, mixed grasses 
and native hummock).  
 
Chapter 6 (TESTING THE ROBUSTNESS OF VEGETATION INDICES TO PREDICT CURING 
ACROSS SPATIAL SCALE) validates Research Question 4 by testing the sensitivity of selected 
bands and vegetation indices to changes in spatial scale.  This was carried out by comparing spectral 
data between different sized MODIS landscapes.  While the previous three chapters have explored 
Research Questions 1, 2 and 3, this chapter finalises the investigation of the accuracy in curing 
prediction by minimising errors from differing land-cover types such as tree cover (Research Question 
4). 
 
Chapter 7 (AVHRR COMPARISONS WITH CURING) develops and validates the assessment of 
curing using AVHRR data, as this sensor has been used since the 1980s to estimate curing and is 
currently used operationally for curing assessment.  In order to find comparisons with MODIS satellite 
data, this chapter revisits the investigation of Research Question 3 and confirms the advantages of 
using MODIS for curing assessments.  Additionally, historical comparisons are presented to 
understand the seasonal variability of curing at each field site. 
 
Chapter 8 (CONCLUSIONS) draws together the overall results and findings of this research, by 
framing the answers to the four research questions posed.  Final discussions include the limitations of 
this research and suggestions made for future work. 
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2 LITERATURE REVIEW 
 
 
In order to explore the background of satellite remote sensing for grassland curing, this chapter 
examines the characteristics of grasslands, with specific focus on how these grasses undergo curing., 
and examines how curing and FMC influence the ignition and propagation of wildfires.  Following a 
description of the Australian and New Zealand fire danger rating systems, this chapter describes the 
spectral responses of vegetation (using satellite remote sensing), and potential vegetation indices to 
estimate grassland curing.  
  
2.1 GRASSLANDS 
 
Firstly, to gain a full understanding of the nature of grasslands, the phenology of grasses will be 
explored, as well as the various grass types found throughout Australia and New Zealand.  The idea of 
investigating this ecosystem to a great depth is vital for this research, owing to great variability of 
curing and fire behaviour between grass species. 
 
2.1.1 Phenology of Grasses 
 
Grasslands, which cover ~75% of Australia (Cheney and Sullivan, 2008) and ~65% of land in New 
Zealand (Fogarty and Pearce, 1995) are generally dominated by herbaceous species (Coupland, 1979).  
A grass‟s life cycle varies dramatically throughout Australia and New Zealand owing to climatic and 
topographic variability, as well as grass and soil type.  Particularly in Australia where soils are 
relatively low in nutrients, soils are diverse in their capacity to provide nutrients for plant uptake 
(Williams and Woinarski, 1997).  As annual (exotic) grasses generally grow in one season and die in 
the next season, a typical life cycle for annual grass species lasts three to six months (Luke and 
McArthur, 1978).  Conversely, perennial (native) grasses may grow and live for several years.   
 
Influenced greatly by rainfall, all grasses go through an annual life cycle, in which the plant 
germinates (produces new shoots), grows, flowers and dies (Cheney and Sullivan, 2008).  Grasses 
consist of a collection of shoots, known as tillers, which are made up of a leaf blade (lamina), and a 
leaf sheath.  The evolution of the leaf structure, through the growth cycle is described by Langer, 
(1972).  The formation of flowering comprises of a rapid elongation of the upper internode (the main 
stem), which allows a long flowering stem to appear.  As leaf formation continues during and 
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following defoliation (removal of leaves), and the zone of growth (meristematic zone) is low to the 
soil surface, thus grasses are well adapted to cutting and grazing.  Even if the meristems are removed, 
they can readily be replaced by new shoots (tillers).  Leaf initiation is usually identified when 
flowering first commences; however, leaf initiation may also occur in the absence of flowering.  There 
is little understanding of what factors influence the rate of leaf initiation.  Such factors include 
temperature, light intensity, day length and water content.  At the other end of the life cycle, grassland 
curing occurs (senescence), which commences at the leaf‟s tip and spreads down the stem (Langer, 
1972).  Curing may be influenced by environmental factors including temperature and rainfall.  This 
part of the life cycle is when grass is most likely to burn, and is therefore the key focus of this 
research.  
 
2.1.2 Australian Grasses 
 
Within Australia, there are four main vegetation classes (Figure 2.1).  These are forests, woodlands, 
shrublands and grasslands (Moore, 1970).   
 
 
Figure 2.1 The Carnahan classification of Australian vegetation is on the basis of the floristic, 
growth form and foliage including understorey and overstorey cover (AUSLIG, 1990). 
 
As Australia contains many hundreds of species of grass, grasslands have been classified into groups, 
which vary throughout various sources of literature.  For example, Groves (1994) classifies grasslands 
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into six groups: 1) arid tussock, 2) arid hummock, 3) coastal (dominated by Sporobolus and 
Xerochloa, and confined to tropical regions), 4) subhumid, 5) tropical (dominated by Dichanthium and 
Eulalia, and by Bothriochloa and Heteropogon in eastern and northern Queensland), and 6) temperate 
(dominated with an irregular distribution by Themeda, Poa, and Stipa, around southeastern Australia 
and northern NSW).  For this research, the classification employed by Cheney and Sullivan (2008) 
was used, which lists grasslands into four broad groups (and will be described in Chapter 3).  These 
groups are:  
 
 Tropical grasslands (native) 
 Hummock grasslands (native) 
 Tussock grasslands (native) 
 Improved pastures 
 
2.1.3 New Zealand Grasses 
  
In New Zealand, the steep and divided relief of the country provides a dramatic variation in climate 
and vegetation cover across the land.  New Zealand is covered mainly by forests (~25%), pastures 
(~29%), scrub/grasslands (~20%) and tussock grasslands (~13%), while less dominant vegetation 
types, each covering less than 6%, include cropland, scrub, mixed forest/scrub, and mixed 
grassland/forest (Fogarty and Pearce, 1995; Newsome, 1987).  New Zealand grasslands are classified 
as either native (tussock) or exotic (pasture) grasses (Vescovo et al., 2006).  Tall tussock grasslands, 
dominated by Chionochloa species, are typically found at high altitudes, particularly in the South 
Island.  These grasslands are also mixed with a number of herb (Celmisia) species and short tussock 
grasses.  Short tussock grasslands constitute hard tussock (Festuca novae-zelandiae), blue tussock 
(Poa colensoi) and silver tussock (Poa cita) which are either over-sown for pastural production or are 
invaded with exotic grasses from neighbouring regions.  Depleted tussock grasslands, on the other 
hand, have relatively high exposures of bare ground, and are found in heavily grazed or dry areas.  
Short tussock grasses are also present, with less than 10% cover.  Managed for agricultural use, 
improved pastures are exotic grasses dominated by clovers (Trifolium sp.) and ryegrass (Lolium 
perenne).  Unimproved pastures are typically located on steeper terrain, and are characterised by less 
productive exotic species such as browntop and sweet vernal, mixed with native short tussock species 
(Vescovo et al., 2006). 
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2.2 GRASSLAND CURING 
 
With a somewhat clear understanding of the vast amount of land that is covered by grasslands and the 
great variety of grass types in Australia and New Zealand, the next phase of this chapter will introduce 
the factors of grassland curing including how curing influences the chance of fire to develop and 
spread.  Closely related to the moisture content of grass (FMC), methods used to estimate curing in 
past studies will also be introduced. 
 
2.2.1 Introduction 
 
Grassland curing is defined as the progressive senescence and drying out of a grass after flowering 
(annual grasses) or in response to drought (perennial grasses).  The degree of curing is estimated as the 
percentage of dead material in the grass sward, which significantly affects the chance of fire to 
develop and spread (Cheney and Sullivan, 2008).  Curing is also defined as the proportional weight of 
dead grass to live grass (Tolhurst, 2000) and is related to vegetation colour and associated 
physiological change (Barber, 1992).  For example, grass that is 10% cured, is likely to be green as 
opposed to bleached, straw coloured grass, which is 100% cured (Table 2.1). 
 
Table 2.1 Colour Index of Grassland Curing (Garvey and Millie, 2001 p.7). 
% Cured Colour Physiological changes 
0 Green From the beginning of growth to commencement of seed 
head development 
10 Green Seed heads formed and flowering 
20 Yellowish/Green Seed heads maturing and seed head dropping 
30 Yellowish/Green Most seed heads mature and seed dropping 
40 Yellow/Green Most seed heads mature and seed dropping 
50-60 Straw (odd patch of green or greenish yellow) Almost half of stems have dropped their seeds 
70-80 Straw (little green showing anywhere) Most seed heads have dropped their seeds.  The lower 
third of each stem may still be green. 
90 Straw All seeds have dropped.  An odd stem may still be green. 
100 Bleached No green stems, all stems are brittle and dry 
 
Partly cured grass is able to burn because the heat from the burning dead material is sufficient to dry 
out the remaining green material, and increase its temperature to ignition point.  Once the degree of 
curing reaches 60 to 70%, fires are much more likely to develop and spread (Gill, 2005). 
 
As mentioned previously (§ 2.1.1), most grasses have a seasonal or annual growth cycle which 
consists of senescence followed by flowering (Cheney and Sullivan, 2008).  In southeastern Australia, 
curing generally commences around late spring (Figure 2.2).  However, in drought affected areas, the 
onset of this process can be much earlier (Barber, 1989).  Once cured, the grass has lost all moisture 
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and has died; the grass is said to be 100% cured.  When the leaves and stems die, roots cease drawing 
moisture from the soil, causing the plant to dry out (Luke and McArthur, 1978).   
   
 
Figure 2.2 A generalised progression of grassland curing in southeastern Australia describes the 
life cycle of grasses from October (late - spring) to January (mid-summer).  During spring, 
grasses experience a period of growth, until reaching a stage where they lose their ability to 
draw up moisture from the soil.  By late – December, grasses lose almost all moisture and a 
nearly completely cured (Garvey and Millie, 2001 p.3, Copyright CFA, 2006). 
 
The rate of curing is primarily dependent on soil type, soil moisture and daily evaporation.  In 
comparison with annual grasses, perennial grasses have a much slower curing process, which is 
usually delayed by rainfall events.  In general, some coastal perennial grasses remain green throughout 
the whole curing season; however, grasses that are not grazed frequently tend to carry old dead growth 
from preceding years.  These grasslands, therefore, appear partly cured all year round.  Annual grasses 
are not affected as significantly as perennial grasses by subsequent rainfall events, and tend to lose 
moisture within six to ten weeks.  Once curing commences, annual grasses may become fully cured 
within six weeks, but following a single day of hot dry winds, these grasses may reach 100% cured 
within one week (Cheney and Sullivan, 2008).   
 
2.2.2 Fuel Moisture Content 
 
The degree of curing is the percentage of dead material in a grassland complex.  In contrast, the FMC 
refers to the percentage of water in the vegetation, relative to the amount of dry matter (Danson and 
Bowyer, 2004).  It is defined as the oven dried weight (ODW %) of a sample (Chuvieco et al., 2004) 
as expressed in Equation 2.1, where the Ww and Wd represent the wet weight and dry weight 
respectively.    
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   ODW
Wd
WdWw
FMC %100% 

  (Chuvieco et al., 2004; Danson and Bowyer, 2004) 
2.1 
 
Fuel is a key ingredient for fire.  In addition to the variability in the fuel‟s quality, quantity and 
arrangement, the most important aspect is the FMC (Foley, 1947).  FMC, fuel condition, wind speed 
and curing are the most important variables in determining fire spread in continuous fuels (Cheney and 
Sullivan, 2008).  Moisture has a significant impact on the combustibility of fuel as the greater the 
FMC the higher the specific heat and thermal conductivity of the fuel.  This results in the need for 
more absorbed heat for the surface layer of the fuel to reach ignition temperature (Chandler et al., 
1983).  This required amount of heat is very high for wet fuel, so its chances of burning are usually 
quite low (Foley, 1947).  The FMC of green annual grasses, for example, may average around 350%; 
meanwhile, the FMC of very lush green vegetation (not likely to burn) may reach up to 500% (Barber, 
1979; Barber and Pratt, 1980).  Once the process of curing has reached a certain stage, and the FMC 
has reduced to 60%, the curing process becomes irreversible, even with high rainfall, which is likely to 
delay the curing process (Barber, 1979). 
 
Traditionally measured using field sampling (Riano et al., 2005), the water content of vegetation is 
also measured as fine FMC, live FMC, dead FMC, relative water content (RWC), vegetation water 
content (VWC), and equivalent water thickness (EWT) (Danson and Bowyer, 2004).  The EWT is 
commonly used in satellite remote sensing, and has been estimated from a ratio of wavebands 
combining NIR and short wave infrared (SWIR) wavelengths (Danson and Bowyer, 2004).  EWT is 
defined as the amount of water in a leaf relative to its area, which is measured in grams per squared 
centimetre (Chuvieco et al., 2003; Danson and Bowyer, 2004).  This measure is calculated as shown in 
Equation 2.2.  FMC, on the other hand, can be calculated using the EWT by utilising the formula 
shown in Equation 2.3, where the specific leaf weight (SLW) equates to the division of dry weight by 
area.  Conversely, the RWC is expressed as Equation 2.4, where the wet and dry weight difference is 
divided by the wet weight (Pu et al., 2003; Serrano et al., 2000) as opposed to the dry weight (as in 
Equation 2.1).  The fine FMC strongly influences the flammability of fine fuels (Fogarty and Pearce, 
1995), which are generally less than 6 mm in diameter.  Similar to FMC, which combines both live 
and dead fuels together, the live FMC (Dasgupta et al., 2007) and dead FMC are simply ratios of the 
wet weight to dry weight of only live fuels and of dead fuels respectively, as expressed in Equation 
2.5.  Dead FMC has a large effect on the overall FMC, particularly when grasses are highly cured.  
Live FMC, on the other hand, tends to vary between species.  Therefore, this measure can not be 
compared between differing grass types (Anderson et al., 2005).  These problems can be avoided by 
using the combined FMC, denoted as FMC throughout the thesis.  
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 
Area
WdWw
EWT

    (Danson and Bowyer, 2004)      
    
2.2 
 
 
100






SLW
EWT
FMC  (Danson and Bowyer, 2004) 
2.3 
 
 
100


Ww
WdWw
RWC   (Pu et al., 2003) 
2.4 
 
100
WdfuelLive
WwfuelLive
FMCLive      (Dasgupta et al., 2007)  
100
WdfuelDead
WwfuelDead
FMCDead  
2.5 
 
2.2.3 Curing Assessment 
 
Throughout past research and current operational use, curing has primarily been assessed using two 
field methods; visual observations and destructive sampling, and assessed using satellite-derived 
vegetation indices (described later in this chapter).  From these field and satellite observations, 
different algorithms (modified from each other) have been developed over the years for curing 
assessment.  In this section, these various techniques developed throughout past studies are described, 
and the Levy rod technique is introduced, which has not previously been used to estimate curing. 
 
Researchers have assumed that moisture content is proportional to the degree of curing or chlorophyll 
content of leaves (Anderson et al., 2005; Barber, 1990; Dilley et al., 2004; Paltridge and Barber, 1988; 
Tucker, 1977).  This assumption is correct for some species; however, it cannot be generalised for all 
ecosystems (Ceccato et al., 2001).  Reducing levels of chlorophyll may not only be caused by water 
stress, but may also be due to phenological status, atmospheric pollution, plant disease, toxicity, 
nutrient deficiency, and radiation stress (Larcher, 1995).  Even though these last six factors are not 
investigated in this research, it is vital to be aware of these factors to gain a broad understanding of the 
relation between curing and moisture content.   
 
In past studies throughout southeastern Australia, FMC has been estimated using the destructive 
sampling technique (Barber, 1979; Barber, 1989; Millie and Adams, 1999; Paltridge and Barber, 
1988).  Grassland curing has also been estimated using this technique, but has mainly been assessed 
using visual observations (Allan et al., 2003; Barber, 1979; Barber, 1989; Dilley et al., 2004; Hosking, 
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1990; Millie and Adams, 1999), leading to the use of a regression developed by Barber (1990) 
between visually assessed curing and FMC (Dilley and Edwards, 1998).  Outside of Australia, 
grasslands have been studied using a point-quadrat method, which relies on a collection of multiple 
pin point samples.  This method, known as the Levy rod technique, introduced by Levy and Madden 
(1933), has only been utilised to quantify the biomass of pastures and forest cover (Dietz and 
Steinlein, 1996; Radcliffe and Mountier, 1963), but not curing.   
 
Visual assessments of curing have provided very poor results in New Zealand, and are recognised as 
having poor correlations with destructive curing estimates in Australia (Anderson et al., 2005).  The 
visual estimation method entails the use of a photo guide, in which the degree of curing is estimated 
and recorded as a percentage.  This percentage is equivalent to the GCI, scaled 1 to 100, which reflects 
the seasonal physiological development of grasslands (Hosking, 1990).  Using data supplied by 
McArthur (1966), Barber (1990) established the relationship between GCI and FMC (Dilley et al., 
2004), shown in Figure 2.3, which may be species specific.     
 
 
Figure 2.3 The mathematical relationship of field derived FMC and visually assessed GCI, 
developed by Barber (1990) (Garvey and Millie, 2001 p.4, Copyright CFA, 2006). 
 
The GCI function of FMC (Figure 2.3) has since been re-expressed by Millie & Adams (1999) as 
shown in Equation 2.6.     
 
       53.1090616.10043.0106 236   FMCFMCFMCGCI    
(Millie and Adams, 1999)     
2.6 
Also by Dilley et al. (2004), GCI is expressed in Equation 2.7 as  
 
)( CFMCBAGCI   (Dilley et al., 2004).  
2.7 
where A, B and C equate to constants of 15.5, 97.0 and 75.3 respectively. 
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The GCI and FMC relationship has been observed in several studies (Dilley and Edwards, 1998; 
Dilley et al., 2004), and the use of this relationship avoids the uncertainties that would arise if the GCI 
was estimated by visual observations (Dilley and Edwards, 1998).  Visual observations, which depend 
on a photo guide, generally underestimate the curing value, particularly when secondary growth 
occurs (Anderson and Pearce, 2003; Hosking, 1990; Millie and Adams, 1999).  Secondary growth 
influences the curing values two to four weeks after rain, meanwhile the old growth may be 100% 
cured (Hosking, 1990).  The GCI has also been based on the soil dryness index (Statsdirect), derived 
from the hydrological budget and driven by temperature and rainfall (Baxter and Woodward, 1999; 
Hosking, 1990).   
 
2.3 FIRE 
 
The behaviour of fire may vary between ecosystems depending on factors such as fuel load, climatic 
conditions, FMC and curing.  Due to the variations in fire regimes and the potential that they have on 
influencing changes in the quality of peopled and natural ecosystems, bushfire management is a 
complex and controversial issue (Conroy, 1987).  This section reviews the significance and impacts of 
fire in Australia and New Zealand, including descriptions of the Australian and New Zealand fire 
danger rating systems (FDRSs). 
 
2.3.1 Fire Behaviour 
 
Wild fires may originate from human causes and naturally from lightning.  The behaviour of fire may 
vary depending on fire weather conditions (relative humidity and wind speed/direction), landscape 
factors (topography and land cover) and fuel condition (FMC and hence, grassland curing).  Preceded 
by a rainfall event, a drought, for example, will increase the fuels for forest fires and grassfires, and 
will also increase the chance of fires to spread out of control (Gill, 2005).   Compared to forest and 
scrubland fuels, grass fuels are relatively simple to monitor (Cheney and Sullivan, 2008).  Grassland 
fuels have an annual life cycle of germination, growth, maturity and curing.  Unlike forest fuels, 
grassland fuels require at least a portion of dead (cured) grass to carry a fire.  However, forests contain 
litter, which can spread fire at times when grasslands cannot. 
 
Depending on the stage of a grass‟s life cycle, certain characteristics (curing and FMC) determine the 
vulnerability of the grass to ignite and spread fire (Barber, 1992).  Hence, grasslands are most likely to 
spread fire when they are at least 60 – 70% cured.  Grassland fires “may be controlled passively if the 
width of a bare strip across the direction of travel is wider than that can be spanned by the flames 
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provided that no spot fire is present” (Gill, 2005 p.68).  Southeastern Australia consists of large 
agricultural regions, in which the major asset and fuel type is grass, and partly due to drought, fires 
spread quite readily across grazed out pastures at least once every ten years (Cheney et al., 1993; Gill, 
2005).  Under extreme conditions, grass fires may travel over 60 km in a few hours, spreading into 
commercial forests, rural towns, and the outskirts of major cities (Cheney et al., 1993).  
 
2.3.1.1 Australia 
 
For the past 30 million years, fires have played a critical role in the Australian environment (Tolhurst, 
1999).  They are a natural element of the Australian landscape and are vital in the ecology and 
regeneration of many native species.  The high summer temperatures and low summer rainfall 
contribute to highly flammable vegetation resulting in high risk of fire spread (Beringer, 2000).   
 
High climatic variability across Australia creates a landscape of differing fire danger zones (Figure 
2.4).  One of the most remarkable features of fire occurrence in Australia is the way the fire seasons 
vary from one climate zone to another.  The fire season commences throughout northern Australia 
from July to October (the dry season), and then progresses to the southern regions of Australia from 
January to March (Barber, 1979).   
 
 
Figure 2.4 Seasonal fire zones of Australia.  Modified from Luke and McArthur (1978 p.15). 
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2.3.1.2 New Zealand 
 
In contrast to Australia, New Zealand fires are not among the worst in the world.  However, this 
country has a long history of large and damaging wild fires (Fogarty and Pearce, 1995).  The northern 
and eastern regions of New Zealand consist of a mixture of flat and steeply divided terrain.  These 
regions are characterised by occasional drought, strong winds and flammable grass and scrub fuels 
(Fogarty and Pearce, 1995).  Unlike many Australian species, many New Zealand native species are 
not specifically adapted to fire.  However, it is thought that their drought-tolerant features are adapted 
to disturbance from long – term climatic change (Fogarty and Pearce, 1995).  On average, about 7000 
hectares of New Zealand‟s rural land is burnt each year (Pearce et al., 2003) (Table 2.2), and only 2% 
of fires are ignited by natural sources such as lightning (Fogarty and Pearce, 1995).       
 
Table 2.2 New Zealand Fire Statistic, 1988-1992 (Fogarty and Pearce, 1995 p.5).  
Fire Season   No. Fires/Year   Total Area Burnt (ha) 
1988/89 1205 12,600 
1989/90 871 3,037 
1990/91 1234 10,111 
1991/92 1153 1,889 
Average 1988-92 1116 6909 
 
2.3.2 Fire Danger Rating Systems 
 
A FDRS combines the factors that affect fire danger, and ranks these factors into classes.  Most of 
these systems only include weather related factors, which assume that topography, fuel, and fire 
elements are kept constant (Tolhurst, 2000).  A number of countries have derived their own FDRSs by 
setting up various methods in forecasting fire danger (Wybo et al., 1995).  For grassland fire danger 
specifically, grassland curing is a critical parameter for fire danger prediction, and has been difficult to 
assess using traditional methods.    
 
2.3.2.1 Australia 
 
Since 1936, a number of FDRSs have been used in Australia (Tolhurst, 2000) and have been 
developed to warn the public throughout the country (Cheney and Sullivan, 2008).  The McArthur 
Grassland Fire Danger meters have been used across southeastern Australia since the 1950s (Tolhurst, 
1999) to determine the effects that weather and fuel variables have on grass fire spread (Cheney et al., 
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1998; Wybo et al., 1995).  McArthur (1960) determined a series of fire danger classes and their 
relationships to the rate of head fire-spread, the FMC, and the difficulty of control to meteorological 
variables (Tolhurst, 1999), particularly wind speed in a tabular form (Mk III meter).  These data were 
then converted to a metric version on a circular slide rule to produce the Grassland Fire Danger Meter 
Mk IV (Cheney et al., 1998), also known as the McArthur Grassland FDRS, which has been used 
since 1965 to give a quantitative index of grassland fire danger and to provide public warnings 
(Cheney and Sullivan, 2008).  This system was based on the consideration of five parameters: 1) FMC 
(and its daily variation), 2) rate of fire spread, 3) fuel load and its relation to spread, 4) slope, and 5) 
height of flame (a function of FMC, fuel load and wind speed) (Wybo et al., 1995).  The input 
parameters of this system include the degree of curing (%), air temperature (°C), relative humidity (%) 
and wind speed (km h
-1
), which calculate the output value of a Fire Danger Index (scaled 1 to 100) 
(Purton, 1982).  
 
Combined with temperature, humidity and rainfall, this index utilises one fuel variable; grassland 
curing (Cheney et al., 1993), and it identifies the level of fire danger as well as the difficulty of 
extinguishing a fire (Wybo et al., 1995).  This meter has been used by fire agencies and the Bureau of 
Meteorology to compute grassland fire danger and the rate of grassland fire spread (Cheney et al., 
1993).  However, by 1988, it was concluded that even though McArthur‟s system was still useful and 
valid, its use for fire behaviour prediction was insufficient for the variability in fuel, topography and 
climate in southern and eastern Australia (Tolhurst, 1999).  The McArthur Grassland FDRS was only 
designed for fairly dense stands of improved pastures with fuel loads of 4 to 5 tonnes per hectare 
(Luke and McArthur, 1978).   
 
2.3.2.2 New Zealand 
 
In 1980, the New Zealand FDRS was adapted from the Canadian Forest FDRS (Fogarty and Pearce, 
1995), which consists of four sub-systems: the forest fire weather index system and forest fire 
behaviour prediction system, which are of national use, and the accessory fuel moisture system and 
forest fire occurrence prediction system, which have not yet been entirely developed (Lee et al., 2002).  
The first sub-system consists of six numerical ratings for a reference fuel type, whereas the second 
sub-system provides quantitative estimates of particular fire behaviour characteristics.  These sub-
systems provide information for a fire growth model, which estimates the size, shape, and flank of 
fires (Lee et al., 2002).  In New Zealand; however, the focus of this research is on the fire danger of 
grasslands.  As the flammability of grass is influenced by the Fine FMC and the degree of curing 
(Fogarty and Pearce, 1995), the New Zealand FDRS uses two variables to estimate the fire behaviour 
of grasslands.  These variables are curing (%) and the Initial Spread Index, which is a product of the 
Fine FMC and wind speed (Baxter and Woodward, 1999).   
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2.4 REMOTE SENSING OF GRASSLAND CURING 
 
So far, a clear idea has been given on the nature of grasslands, grassland curing and fire prediction in 
Australia and New Zealand.  This section of the chapter explores how grassland curing is monitored 
using satellite remote sensing by detecting changes in chlorophyll content, water content and cellular 
structure.  Curing conditions are currently observed across Australia using AVHRR satellite imagery, 
which captures an estimated curing value across the landscape.  At a spatial resolution of 1 km, a 
curing value of 80% may represent 100% cured over 85 to 90% of the landscape, and less than 50% 
cured over the remaining 10 to 15% of the landscape (Cheney and Sullivan, 2008).  Since these 
current AVHRR observations estimate curing using NDVI, this section presents a comprehensive list 
of vegetation studies, beginning with NDVI.  A review on the spectral responses of vegetation and an 
extensive list of indices will suggest potential wavelengths and indices to employ for an improved 
assessment of curing.      
 
2.4.1 Introduction 
 
A remote sensing system consists of four components including a source (of energy), interaction with 
the Earth‟s surface (reflectance/emittance), interaction with the atmosphere (scattering) and a sensor 
(Curran, 1985) (Figure 2.5).  To estimate surface characteristic variables in remote sensing, early 
statistical models often used digital numbers, which do not represent a physical quantity, but instead 
they represent the scaled integers from quantisation (Liang, 2004).  Therefore, digital numbers need to 
be converted to physical quantities in order to estimate variables of the land surface such as radiance 
(intensity), which is measured in energy per area per solid angle (Liang, 2004).  The incoming 
radiance received by remote sensors depends on the amount of solar radiation.  To normalise any 
variation in solar radiation, the radiance at the top of the atmosphere can be converted from digital 
numbers (at a specific viewing angle) into reflectance (as a percentage) (Liang, 2004).  Subsequently, 
consisting of an electrical field, which may vary in wavelength, frequency and amplitude, 
electromagnetic radiation is categorised into particular wavelengths.  These divisions are expressed in 
the electromagnetic spectrum, in which only a small portion constitutes visible light (Campbell, 2002).  
All objects interact with energy at particular wavelengths, either within or outside the visible region of 
the electromagnetic spectrum (Lieth, 1974).  As the spectrum includes the range of all possible 
radiation, remote sensing devices are able to detect land surface change, such as vegetation 
condition/stress, that cannot be detected by the naked eye (Hatfield and Pinter Jr, 1993).   
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Figure 2.5 Factors affecting remote sensing of vegetation include illumination condition, 
atmospheric condition, viewing condition, vegetation characteristics, and topography. (Jones, 
2004 p.3) 
 
One of the main factors affecting the satellite remote sensing of vegetation is atmospheric condition.  
At some wavelengths (known as atmospheric windows), the atmosphere is transparent to 
electromagnetic radiation (Lillesand et al., 2004) (Table 2.3).  At other wavelengths, the atmosphere is 
partially transparent, yet at other wavelengths opaque (Jones, 2004).  This is due to the scattering and 
absorption of electromagnetic radiation by particles that make up the atmosphere.  Satellite remote 
sensing systems can only work in these atmospheric windows, limiting the spectral regions available 
for analysis (Jones, 2004).   
    
Table 2.3 Major Atmospheric Windows. * Microwave: mm (Campbell, 2002 p.39).  
Spectral region Wavelength (nm) 
Ultraviolet and visible 
300 – 750 
770 – 910 
Near infrared (NIR) 
1 550 – 1 750 
2 050 – 2 400 
Thermal infrared (TIR) 
8 000 – 9 200 
10 200 – 12 400 
Microwave 
* 7.5 – 11.5   
* 20.0 +         
 
2.4.2 Satellite Remote Sensing Systems 
 
Three remote sensing systems will be introduced, which have been used operationally and in past 
research to monitor vegetation.  These systems include the EOS MODIS, NOAA AVHRR, and 
Landsat Enhanced Thematic Mapper (ETM+).  These three sensors are of differing spatial, spectral 
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and temporal resolutions, thereby recording slightly different results (Alexandridis and Chemin, 2002).  
For example, Landsat provides higher spatial resolution than MODIS and AVHRR.  However, this 
satellite overpasses a single point of the Earth less frequently.  Also, the red and NIR spectral bands of 
Landsat and MODIS are narrower than those of AVHRR, causing differences in the recorded spectral 
response of vegetation (van Leeuwen et al., 1999). 
 
2.4.2.1 Landsat ETM+ 
 
The Landsat program consists of a series of satellites, which are jointly managed by National 
Aeronautics and Space Administration (NASA) and the United States Geological Survey.  Since 1972, 
seven of these satellites were launched, including Landsat 7, launched in 1999.  The ETM+ placed on 
this satellite provides data every sixteen days in the visible, NIR, mid infrared (MIR) and thermal 
infrared (TIR) spectral bands (Campbell, 2002).  As shown in Table 2.4, bands 1 to 7 range from a 
spatial resolution of 30 to 60 m.  
 
Table 2.4 Landsat 7 ETM+ spectral bands (Campbell, 2002, p.179)  
Band Spectral region Denoted as Wavelength (nm) Resolution (m) 
1 blue blue 450 – 515 30 
2 green green 525 – 605  30 
3 red red 630 – 690  30 
4 near infrared NIR 750 – 900  30 
5 mid infrared MIR 1550 – 1750  30 
6 thermal infrared TIR 10 400 – 12 500  60 
7 mid infrared MIR 2 090 – 2 350  30 
8 visible visible 520 - 900 15 
 
2.4.2.2 AVHRR 
 
The AHVRR is a scanning system flown on the NOAA series of satellites (Cracknell, 1997).  The first 
version was launched in 1978, and was initially used as a meteorological satellite to provide synoptic 
images of weather systems (Campbell, 2002).  However, AVHRR is typically now used for terrestrial 
applications (Verbyla, 1995).  With a daily global coverage (typically once per day in daylight) from 
fourteen orbits per day, and its wide angular field of view of 2 399 km (Cumming and Garvey, 1985), 
AVHRR provides data from five multi-spectral bands (Table 2.5) ranging from 580 to 12500 nm, at a 
spatial resolution of 1000 m. 
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Table 2.5 AVHRR spectral bands (Campbell, 2002, p.186).  
Band Spectral region Denoted as Wavelength (nm) 
1 visible visible 580 – 680  
2 near infrared NIR 725 – 1 100  
3 mid infrared MIR 3 550 – 3 930  
4 
thermal infrared TIR 
10 300 – 11 300  
5 11 500 – 12 500  
 
As a consequence of AVHRR wide angular view, the edges of AVHRR images suffer from severe 
geometric and angular effects (Campbell, 2002).  AVHRR scans images with 1000 m pixels at nadir 
and 6000 m pixels towards the edge of the swath.  As AVHRR exhibits a relatively coarse spatial 
resolution, these data may not always be useful for local natural resource applications, unless utilised 
for a large geographic area (Verbyla, 1995).   
 
2.4.2.3 MODIS 
 
In comparison with AVHRR, MODIS not only has a greater number of spectral bands (thirty-six, as 
opposed to five), but also provides satellite images at a higher spatial resolution (250, 500 and 1000 
m).  These characteristics increase the application of MODIS imagery for vegetation assessment.  The 
MODIS sensor, combining characteristics from both AVHRR and Landsat, was launched on the EOS 
Terra satellite in 1999 (Campbell, 2002), and was complimented by another MODIS on the EOS Aqua 
satellite (Justice et al., 2002), launched in 2002.  Covering spectral channels from the visible to the 
TIR, this device uses a cross-track scanning mirror and charge coupled device (CCD) detectors in 
thirty-six spectral bands (listed in Appendix 9.1.1).  Of these thirty-six bands, typically, only the first 
seven bands are used to view land cover (Table 2.6).  Collecting data at three different spatial 
resolutions (250, 500, and 1000 m) the MODIS instrument views every point of the Earth almost daily 
with a viewing swath of over 2,330 km wide  (Campbell, 2002).   
 
Table 2.6 MODIS (first seven) spectral bands (NASA, 2008).  
Band Spectral region Reflectance of each 
band denoted as 
Wavelength (nm) Spatial resolution (m) 
1 red R1 620 – 670 250/500 
2 near infrared  R2 841 – 876   250/500 
3 blue  R3 459 – 479   500 
4 green R4 545 – 565   500 
5 near infrared  R5 1 230 – 1 250   500 
6 mid infrared   R6 1 628 – 1 652  500 
7 mid Infrared  R7 2 105 – 2 155  500 
 
Data collected by the sensor are processed into various products including MOD09 and MOD13, 
which will be introduced.  Each product (Table 2.7) comprises of different spatial and temporal 
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resolutions to generate several land products such as vegetation indices, bidirectional reflectance 
distribution function (BRDF), land cover, snow/ice cover, and leaf area index (LAI) (Vermote et al., 
1997).   
 
Table 2.7 List of some MODIS Products (Justice et al., 2002 p.4).  
Product Type Product Function 
Radiation balance products 
MOD09 Surface reflectance 
MOD11 Surface temperature and emissivity 
MOD43 BRDF / albedo 
MOD10 Snow cover 
MOD29 Sea ice extent 
Vegetation products 
MOD13 Vegetation indices 
MOD15 LAI / fraction of photosynthetically active radiation (FPAR) 
MOD17 net primary productivity (NPP) / daily photosynthesis (PSN) 
Land cover products 
MOD12 Land cover and change 
MOD14 Thermal anomalies and fire 
MOD44 Vegetation cover conversion / continuous fields 
 
MOD09 
 
The MOD09 products, shown in Table 2.8, are computed from calibrated radiance data (level 1B) in 
the first seven MODIS bands (Table 2.6), located in the visible (380 – 720 nm), NIR (720 – 1300 nm) 
and MIR (1300 – 3000 nm) regions of the spectrum (Campbell, 2002).   
 
Table 2.8 MOD09 Surface Reflectance Products (NASA, 2008).  
MOD09 Surface Reflectance Terra Product Aqua Product 
8-Day L3 Global 500m MOD09A1 MDY09A1 
8-Day L3 Global 250m MOD09Q1 MDY09Q1 
Daily L2G Global 500m MOD09GHK MDY09GHK 
Daily L2G Global 250m MOD09GQK MDY09GQK 
Quality Daily L2G MOD09GST MDY09GST 
 
The MOD09 products represent an estimate of the surface spectral reflectance for each band as it 
would be observed from ground level (Vermote et al., 1997).  The MOD09 bands are corrected for the 
effect of atmospheric gases, aerosols and thin cirrus clouds (Vermote and Vermeulen, 1999).  The 
MOD09A1 product provides an estimate of surface spectral reflectance, at a 500 m spatial resolution 
to provide an 8-day temporal composite.  This compositing technique selects the best observation at 
each pixel over an 8-day period, which is of the most cloud-free condition (Vermote and Vermeulen, 
1999).   
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MOD13 
 
The vegetation indices product, MOD13, composites daily bidirectional reflectance values to provide 
cloud-free, atmospherically corrected and nadir-adjusted vegetation maps (Huete et al., 1999).  In 
order to observe land cover globally, satellite images of the first four MODIS bands and two 
vegetation indices, NDVI and enhanced vegetation index (EVI), are provided every sixteen days.  
Similar to MOD09, the MOD13 products are also available at different spatial resolutions (Table 2.9).   
 
Table 2.9 MOD13 Vegetation Indices Products (NASA, 2008).  
MOD13 Vegetation Indices Terra Product Aqua Product 
16-Day L3 Global 500m MOD13A1 MYD13A1 
16-Day L3 Global 1km MOD13A2 MYD13A2 
Monthly L3 Global 1km MOD13A3 MYD13A3 
16-Day L3 Global 250m MOD13Q1 MYD13A3 
 
Error and Uncertainty in (MODIS) Remote Sensing 
 
Factors influencing the accuracy and precision of MODIS images include atmospheric condition, 
illumination, sensor viewing geometry (Schaepman-Strub et al., 2005), solar angle and even the 
geolocation of the sensor.  Before MODIS was launched, numerous possible errors and uncertainties 
were identified to ensure the accuracy and quality of the reflectance data (Huete et al., 1999).  In 
reference to the MOD09 products, uncertainty arises in the procedure of atmospheric correction, 
whereby an error is simulated for the “top of the atmosphere” reflectance and the resulting surface 
reflectance is computed (Vermote and Vermeulen, 1999).  Here, the accuracy of direct atmospheric 
correction responds to the uncertainty in the aerosol optical thickness (Kaufman and Tanre, 1996).  
Like any other sensor, MODIS needs to be validated by another independent sensor (Cheng, 2006; 
Justice et al., 2000).  Thus, to validate the MODIS sensor, MODIS data have been compared with in 
situ measurements from set validation sites around the world, and also compared with data collected 
from airborne or (other) spaceborne sensors (Leeuwen van et al., 1999).  This technique has been used 
operationally and has been followed by a number of researchers including Bartholomeus et al. (2007), 
Kindel et al. (2001) and Pu et al. (2003).  The geolocation error of the satellite has also been 
considered.  It is suggested that there can be an error of at least 85 m along-track and at least 153 m 
across-track in computing the center of each MODIS pixel.  This is caused by uncertainties in the 
location of the spacecraft and its orientation (Strahler et al., 1999).  
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2.4.3 Vegetation Assessment 
 
The spectral response of vegetation varies as a function of vegetation type, water content and 
vegetation condition.  However, vegetation spectral signatures are generally characterised by low 
reflectance in the visible (MODIS bands 1, 3 and 4) and MIR (bands 6 and 7), controlled by pigment 
and water absorption features respectively, and high reflectance in the NIR (bands 2 and 5), as a 
function of cellular structure and internal leaf scattering (Knipling, 1970), as shown in Figure 2.6. 
 
 
Figure 2.6 The spectral reflectance and transmittance of a leaf, in the visible, NIR, and MIR 
regions (Jones, 2004 p.5).  
 
Low reflectance in the visible portion of the spectrum is in part due to leaf pigments such as 
carotenoids (yellow pigments), xanthophylls and anthocyanins (pink, purple and red pigments) (Gates 
and Tantraporn, 1952), which are able to shield leaves from excess light (Sims and Gamon, 2002).  
Low visible reflectance is, however, primarily due to chlorophyll content (Knipling, 1970), which is 
dependent on grass-species, leaf-age, phenological stage and leaf-health, as well as site specific factors 
such as shading.  As vegetation loses moisture, for instance, the chlorophyll content declines, and the 
visible reflectance increases, meanwhile the NIR reflectance decreases (Paltridge and Barber, 1988).  
Chlorophylls strongly absorb radiation in the blue portion of the spectrum between 375 and 495 nm 
(mostly at 430 and 460 nm (Lillesand et al., 2004)), and in the red portion of the spectrum between 
600 and 700 nm (Daughtry and Biehl, 1985; Knipling, 1970) most prominently at 640 and between 
660 and 680 nm (Curran, 1989; Sims and Gamon, 2002).  In the blue spectrum; however, the 
absorption of carotenoids overlaps the absorption peak of chlorophyll, although there is generally 
more chlorophyll than carotenoids in most leaves.  Chlorophyll also tends to decline more rapidly than 
carotenoids during senescence (Sims and Gamon, 2002).  Although chlorophyll content is generally 
estimated at the red wavelengths, this portion of the spectrum (660 and 680 nm) has said to be not as 
useful to estimate chlorophyll content (Sims and Gamon, 2002).  Despite these issues, an abundance of 
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research has found changes in the red and blue wavelengths with changing levels of chlorophyll 
content (Fang et al., 1998).  For example, as leaves grow and mature, chlorophyll concentrations 
increase (Gates and Tantraporn, 1952), creating high absorption in the red and blue wavelengths 
(MODIS bands 1 and 3 respectively).  When leaves undergo physiological stress owing to disease or 
drought, that is, when leaves senesce or cure, chlorophyll levels decline (Gates and Tantraporn, 1952) 
and the leaf reflectance changes primarily and most significantly in the visible spectrum rather than in 
the IR.  This is because chlorophyll is highly sensitive to physiological disturbance (Knipling, 1970).   
 
In the NIR (MODIS bands 2 and 5), there is little absorption of radiation by leaf pigments (Belward 
and Lambin, 1990; Gausman, 1977; Knipling, 1970) owing to the scattering of light within leaf cells 
(Alexander and Millington, 2000).  This results in a region of high reflectance from 750 to 1300 nm, 
known as the NIR plateau (Knipling, 1970; Rock et al., 1988).  In the NIR, reflectance varies with 
variations in the shape and orientation of plant leaves.  Therefore, infrared reflectance data are more 
useful than visible data in determining the structure and type of vegetation (Verbyla, 1995).  In the 
initial stages of senescence as chlorophyll levels begin to drop (Gausman, 1977; Knipling, 1970), and 
moisture loss commences, the NIR reflectance actually increases (Knipling, 1970).  This increase is 
caused by the contents within each leaf cell contracting inwards and away from the cell walls.  This 
increases the number of interfaces, causing higher internal scattering (Danson and Bowyer, 2004; 
Davidson et al., 2005; Sims and Gamon, 2003).  These scattering properties are expected to appear at 
wavelengths of MODIS bands 2 and 5, as they are located on the NIR plateau (Gao, 1996).  In the 
later stages of senescence, the NIR reflectance eventually decreases, owing to the breakdown of cell 
walls (Gao, 1996; Knipling, 1970), however, past studies have shown that this decrease may not be 
evident at around 1200 nm (near MODIS band 5), owing to weak cellulose absorption (Gao, 1996).   
 
Structural differences (leaf thickness, density, number of air-water interfaces, pubescence and cuticle 
thickness) between leaves may also influence the relationship between pigment content and leaf 
reflectance.  Light that is reflected from the leaf surface (and scatters between leaves) does not enter 
the leaf cells and is therefore not affected by leaf water and pigment content.  Direct reflection from 
the leaf surface is also altered by leaf hairs and surface waxes.  For example, waxes increase surface 
reflectance in the visible and NIR, although the effect is greatest at shorter wavelengths owing to 
Rayleigh scattering.  Leaf hairs also increase reflectance in the visible spectrum and their influence in 
the NIR is variable (Sims and Gamon, 2002). 
 
The surface reflectance of a vegetation canopy is influenced by variations in canopy structure, such as 
LAI, canopy architecture and canopy type (Gao et al., 2000; Huete et al., 2002).  The architecture 
determines the direction in which the radiation will be reflected.  More radiation is reflected from 
horizontal leaves, for example, and less is trapped within the canopy (Jackson and Huete, 1991).  As 
for canopy type, surface reflectance varies between different types of vegetation such as needleleaf 
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and broadleaf structures (Gao et al., 2000).  The reflectance spectra of grass may also vary between 
different grass types (as well as between grasses of differing moisture content).  Using the NIR 
spectrum, improved pastures have been distinguished from unimproved pastures in grasslands of New 
Zealand (Vescovo et al., 2006).  Owing to exposure of bare soil, tussock grasslands have a slightly 
lower reflectance in the NIR than improved pastures (Vescovo et al., 2006) as shown in Figure 2.7.  
The reason for slightly higher variation in the NIR wavelength than in the visible may be due to the 
fact that NIR response is species specific, owing to factors such as canopy architecture and cell 
structure.  Conversely, the visible spectrum is influenced mainly by pigment content, which does not 
differ significantly between leaves of different plant species.  
   
 
Figure 2.7 Reflectance spectra of New Zealand grasslands (Vescovo et al., 2006). 
 
2.4.3.1 Water Content 
 
At wavelengths beyond 1300 nm, the reflectance spectra of green vegetation is strongly influenced by 
water absorption (Gao and Goetz, 1994).  This feature is apparent at a number of spectral wavelengths 
centred at 970, 1200, 1450, 1950, and 2250 nm (Danson and Bowyer, 2004; Davidson et al., 2005; 
Sims and Gamon, 2003).  As listed in Table 2.10, these wavelengths are known as water absorption 
bands.  While wavelengths at 970 and 1200 nm (in the NIR) exhibit only minor absorption troughs, 
the 1450 and 1950 nm wavelengths (in the MIR) appear to be most sensitive to vegetation water 
content (Figure 2.6).  In consequence of these major water absorption troughs, leaf reflectance in the 
MIR is inversely related to water content (Danson and Bowyer, 2004).  However, the sensitivity of 
reflectance to changes in water content is wavelength dependent (Danson and Bowyer, 2004; Pu et al., 
2003).  As water strongly absorbs radiation in the MIR portion of the spectrum, this spectral region 
detects soil water content as well as vegetation water content.  Additionally, other MIR wavelengths 
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sensitive to vegetation water content are 2250 nm (Belward and Lambin, 1990; Gates and Tantraporn, 
1952), 1530 and 1720 nm (Ceccato et al., 2001).   
 
Table 2.10 Water Absorption bands (nm) 
(Curran, 1989)  (Jensen, 2000)  (Pu et al., 2003)  (Sims and Gamon, 2003)  
970 970 970 970 
1200 1190 1200 1200 
1400    
1450 1450  1450 
  1750  
1940 1940  1950 
   2250 
 2700   
 
Overall, absorption by vegetation water determines the spectral responses in the NIR and 
(predominantly in the) MIR, as the reflectance of these two spectral portions decline as the water 
content increases (Danson and Bowyer, 2004). 
 
2.4.3.2 Soil 
 
It is not only vital to understand the variation of reflectance spectra with senescence (curing), moisture 
content and vegetation type, but also to identify the spectra of soil, as many grasslands have high bare 
ground exposure.  In the visible portion of the spectrum, soil typically has a lower reflectance than 
dead vegetation and a higher reflectance than green vegetation (Figure 2.8).  Whereas, in the NIR, soil 
has a lower reflectance than dead and green vegetation (Cracknell, 1997; Perry and Lautenschlager, 
1984).   
 
 
Figure 2.8 Idealised reflectance patterns of herbaceous vegetation and soil from 0.4 to 1.1 µm.  
Source: (Perry and Lautenschlager, 1984 p.170). 
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The surface reflectance of soil varies with soil type, moisture, organic matter and iron content.  
Therefore, depending on the variation in vegetation density, soil plays an important role in 
determining the spectral response of a grassland site.  In sparsely - vegetated regions, where the 
vegetation canopy does not provide complete cover of the ground, the soil not only participates in 
multiple scattering of radiant energy with the overlying canopy, but also provides a significant 
contribution of reflectance from the landscape (Cracknell, 1997).  In the NIR, for example, the 
reflectance of soil significantly contributes to canopy reflectance.  An increase in soil moisture will 
reduce the NIR reflectance, thus an increase in soil moisture may reduce the NIR reflectance of a 
canopy (Gitelson et al., 2002a; Huete et al., 1985; Jackson et al., 1983).   
 
Soil moisture is evident in the water absorption bands (Table 2.10) at 1400, 1900 and 2700 nm.  As 
soil dries, its reflectance increases, and these water absorption bands become less pronounced.  These 
troughs, however, disappear at different rates between drying clay and sandy soils due to their particle 
comparisons (McCoy, 2005).  Soils that are rich in organic matter, which affects soil colour, tend to 
have a higher water-holding capacity, and hence higher moisture content.  Therefore, soils with high 
organic matter are likely to have a lower spectral reflectance compared to soils of a lower organic 
matter content, such as sandy soils (Verbyla, 1995). 
 
2.4.3.3 Field Spectroscopy 
 
In order to quantify the moisture of soil and vegetation, as well as other vegetation properties using 
remote sensing, field spectroscopy is a tool utilised to validate satellite measurements.  Spectroscopy 
can be defined as a branch of physics concerned with the measurement and interpretation of 
electromagnetic spectra (Swain and Davis, 1978 in Malenovský et al., 2007).  It is recognised as a 
practical and less challenging technique as the instrument can remain fixed over a surface or region of 
interest for a longer amount of time than the overpass of an airborne or satellite-based instrument.  For 
field spectroscopy, with reduced atmospheric effects, the distance between the instrument and the 
surface is much shorter, and hence a field spectroradiometer can only view a much smaller area than a 
sensor from an aircraft or satellite.  Therefore, the sample technique of a surface which is 
representative of a whole landscape becomes a major consideration (Milton et al., 2009).  The ASD 
(Analytical Spectral Devices Inc. Boulder, CO, USA) Fieldspec 3 portable spectroradiometer 
quantitatively measures reflectance, radiance, irradiance or transmittance of light from an object, by 
transforming light energy into electrical currents.  Covering the spectral range between 350 and 2500 
nm, this portable instrument comprises of three separate spectrometers.  The first spectrometer, 
consisting of a silicon photodiode array, which is sensitive to wavelengths from 350 to 1000 nm, has a 
spectral resolution of three nm.  The second and third sensors, which are both scanning spectrometers 
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(indium gallium arsenide photodiodes) sensitive to wavelengths from 1000 to 2500 nm, have a 
spectral resolution of 10 nm (Kindel et al., 2001; Pu et al., 2003).   
  
2.4.4 Spectral Vegetation Indices 
 
This section of the chapter covers a comprehensive list of vegetation indices (VIs) that have been 
developed and used in past vegetation studies.  These indices were established at different times and 
used to assess different characteristics of vegetation cover, such as water content and chlorophyll 
content.  Some of these indices are designed to correct for soil background noise and atmospheric 
effects.  While the accuracy of some are improved through corrections using the BRDF (Ceccato et 
al., 2002). 
 
Based on values of reflectance, vegetation indices aim to make quantitative estimates of vegetation 
properties (Alexander and Millington, 2000).  With the use of multispectral remote sensing data, 
numerous indices attempt to quantify the structure of vegetation, as well as stem and leaf density and 
distribution, moisture content, mineral deficiencies, parasitic attacks and stand age (Liang, 2004).  A 
VI is formed from a combination of spectral bands whose values are divided, multiplied, added 
together, or formed as a linear equation to obtain a single value that indicates the amount and 
characteristics of vegetation cover (Campbell, 2002; Jackson and Huete, 1991; Wiegand et al., 1991).  
Firstly, many vegetation indices comprise of a ratio and in many cases, wavelengths in the red and 
NIR regions are used, as vegetation displays unique reflectance characteristics in these bands.  These 
ratio indices, such as the NDVI, are able to differentiate dry and green vegetation.  They are; however, 
sensitive to soil brightness effects in regions of sparse vegetation cover (Broge and Leblanc, 2001).  A 
second subset of indices are categorised as orthogonal transformations.  The perpendicular vegetation 
index, for example, represents the distance between a point corresponding to vegetation reflectance 
and the soil line in a red-NIR space (a plot of red reflectance against NIR) (Broge and Leblanc, 2001; 
Richardson and Wiegand, 1977).  Unlike the ratio indices, these orthogonal indices perform well at 
low vegetation cover.  A third subset of indices are hybrid vegetation indices, such as the soil adjusted 
vegetation index, are able to account for soil background noise (Huete, 1988).  Other indices focus on 
the visible spectrum, where chlorophyll absorption is highest, or on the red edge of the spectrum to 
detect changes in plant growth conditions (Broge and Leblanc, 2001).  The applicability of VIs to 
assess curing in grasslands is dependent upon the sensor being used as these indices require data in 
certain wavelengths.  An extensive list of vegetation indices is presented in Table 9.3 (§ Appendix 
9.1), and only a number of them will be appropriate for this particular study.  Hence, the VIs used for 
this research utilise wavelengths in the spectral regions of the first seven MODIS bands. 
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Using MODIS data at 250 m resolution, Huete et al. (1997) found many differences and similarities in 
the sensitivity of VIs to vegetation across grasslands, deserts, boreal forests, tropical forests, temperate 
coniferous and deciduous forests.  For example, the NDVI, which is derived from radiometric 
measurements in the NIR and visible spectral regions (Fischer, 1994), is sensitive to the fraction of 
absorbed photosynthetic active radiation (APAR), hence “greenness”.  Meanwhile the soil adjusted 
vegetation index is more sensitive to parameters such as LAI and leaf morphology (Huete et al., 
1997). 
 
The vegetation indices presented in this thesis are categorised into five groups according to what 
attribute they are predominantly responsive to.  These groups are as follows: 1) greenness, 2) soil 
correction, 3) atmospheric correction, 4) leaf pigment and chlorophyll content, and 5) water content. 
 
2.4.4.1 Greenness 
 
The first group of indices presented in this thesis are responsive to vegetation „greenness‟, which 
changes during the process of grassland curing.  Beginning with brief descriptions of five greenness 
indices, this section reviews past research, in which NDVI and NDVI-variants have been used for 
curing assessment.     
 
Normalised Difference Vegetation Index (NDVI) 
 
One of the earliest VIs widely used in various applications is the NDVI (Liang, 2004; Schneider et al., 
2008; Tucker, 1979), which originated from the difference vegetation index (Malhi and Román-
Cuesta) as expressed in Equation 2.8.  When grass is healthy and green, there is a high reflectance in 
the NIR (due to scattering within leaf cells), and low reflectance in the red spectral region (due to 
absorption of chlorophyll) (Tucker, 1979).  This results in high NDVI values.  When grasslands cure, 
the red reflectance increases, and the NIR tends to decline (Fogarty and Pearce, 1995).  As shown in 
Equation 2.9, NDVI is calculated using the red (MODIS band 1) and NIR (MODIS band 2) 
wavelengths, expressed as R1 and R2 respectively, where R represents the reflectance. 
 
12 RRDVI    (Jordan, 1969) 
2.8 
 
12
12
RR
RR
NDVI


   (Rouse et al., 1973) 
2.9 
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This index is effective in predicting the surface properties when vegetation is neither too dense or too 
sparse (Liang, 2004).  A number of NDVI variants have been developed to account for factors that 
may alter the NDVI values.  Factors compensated for include the sensor-view geometry, as well as the 
reflectance from the atmosphere and soil background (Huete et al., 1994).  These factors are 
considered for use of the MODIS sensor, and a set of criteria has been established to assess their 
performance in relation to the vegetation signal and atmospheric and soil sources of noise.  These 
include the vegetation signal-to-noise ratio, relative error (%), and vegetation equivalent noise (Huete 
et al., 1994).  These indices are able to reduce atmospheric and/or soil “noise” and increase the 
vegetation signal sensitivity (Huete et al., 1994). 
 
Relative Greenness Index (RGI) 
 
The relative greenness index (RGI) quantifies the amount of live vegetation cover with relatively high 
water content, and is derived from historical (AVHRR) data of NDVI maximum and minimum values, 
in which the percentage of greenness in each pixel is compared to the maximum value from the 
historical range.  This index is expressed in Equation 2.10. 
 









minmax
min0100
NDVINDVI
NDVINDVI
RGI   (Burgan et al., 1998) 
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Where NDVI0 represents the highest observed NDVI value for the one-week composite period, 
NDVImin is the historical minimum for a given pixel, and NDVImax is the historical maximum NDVI 
value.  Past studies have used relative greenness in the assessment of fire potential (Allan et al., 2003; 
Burgan et al., 1998; Sebastián López et al., 2002).  However, researchers have found that other indices 
such as the normalised difference water index (NDWI) (Gao, 1996) and the visible atmospherically 
resistant index (VARI) (Gitelson et al., 2002a), which will be introduced later in this chapter, have had 
stronger relationships with fuel condition than NDVI-based RGI (Schneider et al., 2008).   
 
Green Vegetation Index (gVI) 
  
Another measure of vegetation cover, to which NDVI is sensitive, is vegetation fraction.  This can be 
estimated using the green vegetation index (gVI) as expressed in Equation 2.11. Note that another 
green vegetation index denoted as GVI, was developed by Kauth and Thomas (1976).  In this past 
study, four Landsat multi-spectral scanner (MSS) bands were used to compute linear combinations in 
order to project spectral data onto a plane defined by a soil brightness and canopy greenness axis 
(Huete et al., 1984).  This resulted in findings of an index sensitive to soil type and soil moisture 
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conditions (Huete et al., 1985).  As the four Landsat MSS bands used for the derivation of GVI do not 
lie in the same spectral regions as the MODIS bands, this index will not be utilised for this research.   
 
The gVI uses MODIS bands 4 and 1.  In wheat fields of Israel, the gVI was found in past research to 
correlate with vegetation fraction quite strongly (Gitelson et al., 2002a).  To strengthen this 
correlation, Gitelson (2004) used NDVI with a weighting coefficient „a‟, which is valued from 0.05 to 
0.2.  This index was named the wide dynamic range vegetation index (WDRVI), and is expressed in 
2.12.   
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Greenness indices for curing assessment 
 
In addition to in situ curing measurements (§ 2.2.3), the greenness of non-forest vegetation for fire 
applications have been assessed in past studies by monitoring either FMC or chlorophyll content, 
using satellite-derived vegetation indices, based on the reflectance of grasses at various wavelengths 
(Anderson et al., 2005).  These studies have been conducted in pastures and crops in Victoria (Dilley 
and Edwards, 1998), tropical savannas in northern Australia (Allan et al., 2003), grasslands and 
shrublands in Spain (Chuvieco et al., 2003), grasslands and cereal crops in China (Cheng, 2006) and 
cotton fields in the United States of America (McKellip et al., 2005).  Barber (1979), for instance, 
monitored the curing of Victorian grasslands using field and satellite measurements using the Landsat 
MSS bands: green (MSS band 4: 500 to 600 nm), red (band 5: 600 to 700 nm), and two NIR bands 
(band 6: 700 to 800 nm, band 7: 800 to 1100 nm).  However, the Landsat revisit period of seventeen 
days was too infrequent, owing to the rapid rate of curing that can occur during the fire danger period.  
Coverage at least every nine days is required to effectively monitor any spectral change (Barber, 
1979).  An advantage to this current research is that MODIS offers an 8-day composite. 
 
Using various remote sensing methods, researchers have endeavoured to produce a GCI (grassland 
curing index) that is equivalent to field measured curing values.  Correlations have been developed 
between FMC and curing (§ 2.2.3), FMC and NDVI, and curing and NDVI.  Firstly, Paltridge and 
Barber (1988) correlated in situ FMC estimates with AVHRR-derived NDVI values to find a positive 
linear correlation.  The current operational method to estimate the degree of curing (most recently 
revised by Dilley et al. (2004)) converts NDVI to FMC using the relationship from Paltridge and 
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Barber (1988), and then converts FMC to GCI via the relationship developed by Barber (1990).  The 
GCI is generally based on the relationship between FMC and NDVI (Millie and Adams, 1999) that 
was established by Paltridge and Barber (1988) as a line of best fit.  The NDVI-GCI relationship has 
been investigated in a few studies (Allan et al., 2003; Dilley and Edwards, 1998). 
 
Barber (1989) derived three vegetation indices from AVHRR data and plotted these indices against 
FMC (estimated from destructive sampling) to establish the VI-FMC relationship for each index.  The 
following three indices were used: Infrared (IR)/Visible (commonly called the simple ratio), 
transformed vegetation index (tVI) and a modified NDVI, named ND(1.2): 
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 
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     (Barber, 1989). 
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A positive linear relationship was found between each index and FMC (Barber, 1989).  For example, 
if FMC is placed on the x-axis, and ND(1.2) on the y-axis, Barber‟s correlation is expressed as 
(Equation 2.14):    
 
xy 002.0    
2.14 
 
Parallel to this study, FMC was correlated with a full cover vegetation index (V0) (Equation 2.15) 
(Barber and Paltridge, 1986; Paltridge and Barber, 1988), where F represents the fractional vegetation 
ground cover (Paltridge and Barber, 1988).  As illustrated in Figure 2.9, the V0 increases with FMC 
until the FMC reaches 250%.  Above this percentage, the grass does not appear any greener.  
Therefore, the VI will not continue to increase.  
 
   dNIRdNIR RRRRV ReRe2.1 2.1  , where 
F
V
V 2.10    
2.15 
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Figure 2.9 A satellite-derived vegetation index; as a function of FMC.  Each point represents the 
mean value from a particular location in Victoria at a particular time (Paltridge and Barber, 
1988). 
 
Using the previous ND(1.2) and FMC relationship expressed in Equation 2.14, Barber (1989) derived 
a strong relationship between curing and ND(1.2) (Equation 2.16), where x is ND(1.2) and y is curing 
(%). 
 
432 5286.62173.15167938.13872912.5734421.110 xxxxy     (Barber, 1989)  
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AVHRR NDVI has been used to assess grasslands in various regions of Australia (Allan et al., 2003; 
Dilley and Edwards, 1998; Dilley et al., 2004; Paltridge and Barber, 1988; Paltridge and Mitchell, 
1990). The NDVI-GCI correlation shows variations between studies using different methods (Allan et 
al., 2003; Dilley and Edwards, 1998).  Dilley and Edwards (1998) in Victoria found that the satellite-
derived GCI decreases exponentially with AVHRR NDVI as shown in Figure 2.10.   
 
 
Figure 2.10 Relationship between NDVI and GCI, based on a formula from Dilley et al. (2004)  
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This curve was based on Equation 2.17, where the x-axis represents NDVI, y represents GCI (%), and 
coefficients A, B and C = -19.1, 218, and 0.434 respectively.  Consequently, this algorithm (Equation 
2.17) has been used operationally by the Bureau of Meteorology (BOM) to produce AVHRR-based 
curing maps for southeastern Australia.  It has been noted that this algorithm is based on data collected 
from Victorian pastures only. 
 
 CxBAy     (Dilley et al., 2004) 
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Allan et al. (2003) found a similar exponential relationship between visual-curing values and 
AVHRR-derived NDVI over red soils in the NT.  However, the relationship was linear over black 
soils.  Such variations might be mitigated by using vegetation indices designed to reduce the influence 
of soil background on the satellite measurements.  Such vegetation indices will be introduced in the 
next section (§ 2.4.4.2).  Allan et al. (2003) also found that year to year variations in the relationship, 
in addition to the variation with soil type, limited the usefulness of the results for prediction. In 
contrast, Baxter and Woodward (1999) found for New Zealand sites that a curing index based on 
AVHRR-derived NDVI in combination with the Soil Dryness Index agreed well with field curing 
values that were based on both visual and destructive sampling.   
 
2.4.4.2 Soil Correction 
 
NDVI has been modified to develop a vast number of indices, which correct for the influence of soil 
on vegetation response.  Frequently utilised indices include the soil adjusted vegetation index (SAVI), 
perpendicular vegetation index (PVI) and weighted difference vegetation index (WDVI).   
 
Soil Adjusted Vegetation Index (SAVI) 
 
Defined by Huete (1988), the SAVI is aimed at reducing soil “noise”, that is, eliminate any ground 
contamination in relation to soil brightness variations (Jackson and Huete, 1991; Myneni and Asrar, 
1994).  This index has been used in many studies over agricultural regions and grasslands (Huete et 
al., 1994).  Referring to Equation 2.18, this index has introduced a coefficient, L into the NDVI 
equation, which represents the soil brightness correction factor.  The value of L is generally chosen 
according to the amount of vegetation cover, in which L = 0 for high vegetation cover (hence, when L 
= 0, SAVI = NDVI) and L = 1 for low vegetation cover (Huete et al., 1992; Jensen, 2000).   
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The reflectance of soil depends on a number of variables including soil chemistry, water content, and 
bulk density.  If all soil pixels are placed in the red and NIR bands, they usually have a positive linear 
relationship (Liang, 2004).  The line that shows a positive correlation of soil with the red and NIR 
bands is known as the „soil line‟ (mainly over vegetated surfaces).  This line is characterised by the 
following linear equation (2.19), where A is the soil line slope, and B represents the intercept of the 
soil line.  Illustrated in Figure 2.11, the soil line concept is widely accepted for analysing multispectral 
data (Huete et al., 1984). 
 
 12 RABR   (Liang, 2004).          
2.19 
 
 
Figure 2.11 a and b (respectively) indicate that the NDVI isolines converge and that the PVI 
isolines are parallel.  In figure b alone, point 1 corresponds to the red and NIR reflectance of dry 
soil, point 2 of wet soil, point 3, of healthy vegetation, and point 4 represents intermediate 
vegetative growth with 50% moisture in the soil.  Note that NDVI is a ratio – based VI and that 
PVI is a representative of the linear combination category.  Figures c and d also show that the 
SAVI and transformed SAVI (tSAVI) isolines converge but not at a common point of origin.  
Source: Modified from Qi et al.,  (1994 p.120). 
 
Perpendicular Vegetation Index (PVI) 
 
As shown in Figure 2.11b, the perpendicular distance from point 4 (vegetation point) to line 1-2 (the 
soil line), represents the PVI of Richardson and Wiegand (1977), also expressed in Equation 2.20.  
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This two-dimensional index is a linear correlation between the NIR and red (MODIS bands 1 and 2) 
reflectance values of bare soil, and is used extensively in studies of crop growth analyses (Fox et al., 
2004).  Researchers have found that this index (as well as other soil line indices) can relate to specific 
soil conditions within a site (Fox et al., 2004).  This index has been used in past studies to normalise 
the spectral behaviour of bare soil in low-density vegetation cover  (Huete et al., 1985; Jackson and 
Huete, 1991).   
 
   12 RBRAPVI   (Qi et al., 1994)          
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Weighted Difference Vegetation Index (WDVI) 
 
If the ratio of the reflectance values of bare soil in the red and NIR is constant for a given soil 
background, the corrected NIR reflectance is now ascertained as a weighted difference of total 
measured NIR and red reflectances (Clevers, 1989) known as the WDVI, as expressed in Equation 
2.21, where A represents the slope of the soil line (Qi et al., 1994).  The WDVI is functionally 
equivalent to the PVI since one is readily derived from the other (Qi et al., 1994).   
 
12 RARWDVI   (Qi et al., 1994)  
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2.4.4.3 Atmospheric Correction  
 
Once soil background correction has been accounted for, the next concept to consider is the correction 
for atmospheric noise, which is based on the wavelength dependency of water vapour and aerosol 
effects (Huete et al., 2002).  Before solar radiation reaches the Earth‟s surface, it may be scattered by 
aerosols such as air pollutants, dust and smoke (Mie scattering), and also by gases in the atmosphere 
(Rayleigh scattering).  Once reflected from the surface, it may be scattered again or absorbed before 
reaching the satellite sensor (Kaufman and Tanre, 1996).  This atmospheric effect tends to be much 
stronger in the shorter wavelength where the aerosol particle size is similar to the wavelength of solar 
radiation.  Depending on the approach taken, in order to correct the red band (MODIS band 1) from 
aerosol disturbance, the blue band (MODIS band 3) is used, which is more sensitive to the 
atmosphere.  In the case of using raw satellite data, or a satellite product that does not correct for 
atmospheric disturbance; indices, such as the atmospherically resistant vegetation index (ARVI) and 
the aerosol-free vegetation index (AFVI) can be used, which utilise the blue band.  The global 
environmental monitoring index (GEMI), on the other hand, only uses bands 1 and 2. 
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Atmospherically Resistant Vegetation Index (ARVI) 
 
The ARVI was developed by Kaufman & Tanrè  (1992) to minimise atmospheric effects, by 
differentiating the blue and red bands (Equation 2.22).  This index is able to reduce atmospheric 
effects by correcting these effects in the red, using radiance variation between the blue and red bands 
(Kaufman and Tanre, 1996).   
 
132
132
RR
RR
ARVI


  where  3113 2 RRR    (Kaufman and Tanre, 1996).  
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Global Environmental Monitoring Index (GEMI) 
 
The GEMI, defined in Equation 2.23 also reduces atmospheric – induced variations as well as soil 
effects.  While sensitive to vegetation especially at high vegetation cover, the GEMI is a non-linear 
index used specifically for AVHRR datasets (Huete et al., 1994).  This index is given as: 
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Since Huete et al. (1994) advised that this index was specifically designed for AVHRR, Yebra et al. 
(2008) modified the GEMI formula, originally defined for AVHRR datasets, to ensure capability with 
MODIS-derived data (Equation 2.24). 
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Another study by Pinty and Verstraete (1992) has shown that GEMI was able to assist with spatial and 
temporal comparisons (of AVHRR observations) under various atmospheric and soil conditions, and 
was able to signify vegetation cover more clearly than NDVI (Huete et al., 1994). 
 
Soil and Atmospherically Resistant Vegetation Index (SARVI) 
 
The SAVI and ARVI variants of NDVI have also been combined together to create the SARVI (soil 
and atmospherically resistant vegetation index), which can reduce both soil and atmospheric noise, 
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this creates a more stable variant of NDVI.  Defined in Equation 2.25, this index can be derived from 
MODIS using bands 1, 2 and 3. 
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Aerosol-Free Vegetation Index (AFVI) 
 
Based on relationships derived from aircraft-based spectral measurement in Israel, Karnieli, et al. 
(2001) proposed two new aerosol - free vegetation indices, named AFRI1600 and AFRI2100, which are 
denoted in this study as AFVI(6) and AFVI(7) utilising MODIS bands 6 and 7 respectively.  These 
indices are able to assess vegetation in the presence of anthropogenic pollution, smoke or volcanic 
plumes (Karnieli et al., 2001).  Instead of using the red band (like in NDVI), these two aerosol free 
indices focus on the SWIR spectral region at 1640 and 2130 nm.  Built similarly to NDVI, these two 
indices are calculated as:  
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In clear sky conditions, the values of AFVI(6) and AFVI(7) closely resemble NDVI values.  The main 
limitation is that the wavelengths of the two MIR bands (6 and 7) are equal to or smaller than the size 
of dust particles.  Between these two indices, it has also been recognised that AFVI(7) is a better 
performer than AFVI(6) (Karnieli et al., 2001).  AFVI(6) is more sensitive to the liquid water content 
of leaves and sensitive to cured vegetation.  AFVI(7) is also sensitive to liquid water content; however, 
due to a lower reflectance, this index is more sensitive to surface cover.  AFVI(7) is also less 
influenced by atmospheric gases due to its location in one of the atmospheric windows.  Finally, the 
wavelength of MODIS band 7 is much larger than the size of most aerosols, resulting in a better mimic 
of NDVI without the influence of aerosols (Karnieli et al., 2001). 
 
Visible Atmospherically Resistant Index (VARI) 
 
Based entirely in the visible spectrum, the visible atmospherically resistant index (VARI) (Equation 
2.27) utilises the green, red and blue wavelengths, which require MODIS bands 4, 1 and 3 
respectively.  This index was developed not only to correct for atmospheric effects, but also to allow 
for estimation of vegetation fraction (Gitelson et al., 2002a).  This index was found to provide best 
results for estimating fuel moisture in Mediterranean shrublands (Schneider et al., 2008).  This index 
41 
 
was also utilised to assess vegetation greenness via a RGI.  Compared with the NDVI-based RGI, 
shown previously in Equation 2.10, the VARI-based RGI was found to have a stronger relationship 
with live fuel moisture content (Schneider et al., 2008).  This index, expressed in Equation 2.28, is 
identical to gVI except that the VARI subtracts the blue reflectance to account for atmospheric 
correction (Gitelson et al., 2002a). 
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2.4.4.4 Leaf Pigment and Chlorophyll Content 
 
Using remotely sensed data, vegetation properties such as the levels of nutrients, pigments and 
chlorophyll content can be monitored.  The main pigments in green vegetation are carotenoids and 
chlorophylls (Gitelson et al., 2002b), in which chlorophyll is the main focus in regards to curing 
assessment.  These pigments are estimated by a large number of spectral indices as they are able to 
assist (alongside water, LAI and nitrogen content) in identifying the physiological function of leaves 
(Zarco-Tejada et al., 2003). 
 
Levels of nitrogen, lignin and cellulose can be monitored using the normalised difference nitrogen 
index (NDNI) at the 1510 and 1680 nm wavelengths, the normalised difference lignin index (NDLI) at 
1754 and 1680 nm (Serrano et al., 2002) and the cellulose absorption index (CAI) at 2000, 2100 and 
2200 nm (Nagler et al., 2003).  Carotenoid content can be monitored using the carotenoid reflectance 
index (CRI), using wavelengths at 510, 550 and 700 nm.  Excepting the band at 550 nm, the 
wavelengths for this index lie between the MODIS bands.  Conversely, the sum green index (SGI), 
photochemical reflectance index (PRI) and red green ratio index (RGRI) use more than one 
wavelength within a MODIS band.  Owing to these wavelengths, these indices (NDNI, NDLI, CAI, 
CRI SGI, RGRI and PRI) cannot be calculated by MODIS bands.     
 
Chlorophyll content can be estimated using indices such as NDVI, RGRI, EVI, simple ratio index 
(SRI), modified SRI (mSRI), modified NDVI (mNDVI), chlorophyll absorption ratio index (CARI), 
triangular vegetation index (TVI), green NDVI (GNDVI), and other NDVI variants using visible 
wavelengths such as the Blue NDVI (BNDVI).  These indices are introduced in this section.   
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Cellulose Absorption Index (CAI) and VI(7/6) 
 
The CAI was developed by Nagler et al. (2003) using wavelengths centred at 2000, 2100, and 2200 
nm, and expressed as: 
 
   2100220020005.0 RRRCAI    (Nagler et al., 2003) 
2.29 
   
The derivation of CAI was based on a cellulose and lignin absorption feature which occurs between 
these specified wavelengths.  This absorption feature is greatest for dry vegetation, but is not present 
for green vegetation, or for soil (Guerschman et al., 2009).  This index can differentiate dry vegetation 
from bare soil by subtracting the 2100 nm reflectance from the mean reflectance of 2000 and 2200 nm 
(Nagler et al., 2003).  Owing to these wavelengths, however, this index cannot be replicated by 
MODIS.  After Daughtry et al. (2006) it was hypothesised that for any canopy, fractions of bare soil, 
photo-synthetic and non-photosynthetic vegetation could be estimated using CAI with NDVI.  To 
approach the CAI with MODIS data, Guerschman et al. (2009) translated this index to a simple ratio 
of MODIS bands 7 and 6.  This ratio is denoted in this thesis as VI(7/6):  
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Across Australia‟s tropical savanna region, Guerschman et al. (2009) validated grass curing 
measurements using MODIS nadir BRDF-adjusted reflectance (NBAR) data.  It was demonstrated 
that the MODIS data correlated well with curing measurements at the homogeneous field sites (Silent 
Grove (Blacksoil) and Silent Grove (Sandstone)), but not so well at heterogeneous sites (Lakefield, 
Ryans Farm and Jerona).  Using numerous multiple linear regressions (MLRs), the fractional cover of 
photosynthetic, non-photosynthetic vegetation and bare soil was successfully resolved using MODIS 
data by a MLR of NDVI and VI(7/6) (Guerschman et al., 2009).  
 
Sum Green Index (SGI) and Red Green Ratio Index (RGRI) 
 
The sum green index is a simplified vegetation index,  and is comprised of the mean of reflectance 
values across the green (500 nm to 600 nm) region of the spectrum, and consists of values between 0 
and 50+ reflectance (in percentage).  As green vegetation (commonly 10 to 25% reflectance) is 
characterised by high absorption values in this portion of the spectrum, the SGI is sensitive to small 
changes in vegetation greenness.  As expressed in Equation 2.31, this index is derived as the mean 
reflectance of all wavelengths that fall between 545 and 565 nm.       
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The red green ratio index, on the other hand, is used to estimate chlorophyll content by estimating the 
ratio between the leaf redness caused by anthocyanin and leaf greenness caused by chlorophyll 
(Gamon and Surfus, 1999; Sims and Gamon, 2002).  The red green ratio is able to estimate vegetation 
development in ecosystems by indicating leaf production and stress, as well as flowering in some 
canopies (Gamon and Surfus, 1999).  This ratio ranges from 0.1 to 8+, but generally falls between 0.7 
and 3.0 for green vegetation.  These values are derived as the mean reflectance of all wavelengths in 
the red region divided by mean reflectance of all wavelengths in the green region (Gamon and Surfus, 
1999), as shown in Equation 2.32.   
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Photochemical Reflectance Index (PRI) 
 
The PRI was introduced after the physiological reflectance index, expressed in Equation 2.33. 
 
531
531
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RIgicalPhysiolo
REF
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

   (Gamon et al., 1992)  
2.33 
 
This physiological reflectance index correlates with the xanthophyll cycle of pigment activity, and 
measures nitrogen levels as well as estimating photosynthetic efficiency.  This index was derived by 
using the reflectance at 531 nm (R531) and also using a reference wavelength (RREF) (which has 
represented different wavelengths at: 539, 550, 559, 570, 579, 591, 600, 611, 620, 629, 641, 650, 661, 
and 670 nm) to reduce complications associated with diurnal changes of the sun angle (Gamon et al., 
1992).  Following the development of the physiological reflectance index, the index was re-introduced 
as the photochemical reflectance index (PRI) (refer to Equation 2.34), which combines reflectance 
measured at 531 and 570 nm (Gamon and Surfus, 1999; Sims and Gamon, 2002).  As the wavelengths 
used by this index lie on each side of the green band, this index cannot be used by MODIS.  
 
570531
570531
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

  (Rahman et al., 2003; Sims and Gamon, 2002). 
 2.34 
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Visible variants of NDVI 
 
Owing to high chlorophyll absorption of the red band and high vegetation reflectance in the NIR, these 
two bands are generally the most widely used bands for monitoring vegetation.  However, the red band 
tends to be the main focus for chlorophyll absorption, with less attention paid towards the green and 
blue bands (Wang et al., 2007).  Nonetheless, Gitelson et al. (1996) modified NDVI by replacing the 
red band with the green to develop the GNDVI (Equation 2.35).  This index was found to be more 
sensitive to chlorophyll and pigment concentrations than the original NDVI (Gitelson et al., 1996; 
Vescovo and Gianelle, 2008). 
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2.35 
 
In addition to the GNDVI, Wang et al. (2007) explored variations of NDVI using bands in the visible 
spectrum.  In order to estimate the LAI over rice canopies in China, five NDVI variants were used, in 
which the red band was replaced by a single or sum of multiple visible bands.  These variants include: 
1) Blue NDVI (BNDVI) (Equation 2.36), 2) Green-Red NDVI (GRNDVI) (Equation 2.37), 3) Green-
Blue NDVI (GBNDVI) (Equation 2.38), 4) Red-Blue NDVI (RBNDVI) (Equation 2.39), and 5) Pan 
NDVI (PNDVI), which employs a sum of all three visible bands as shown in Equation 2.40. 
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Enhanced Vegetation Index (EVI) 
 
A more widely used index to estimate the LAI of vegetation is the enhanced vegetation index 
(Equation 2.41), which was developed to improve the NDVI by reducing saturation in regions of high 
vegetation cover (Justice et al., 2002).  As NDVI is chlorophyll sensitive (and could have been listed 
in this group of indices), the EVI is more responsive to variations in canopy structure such as canopy 
type (Huete et al., 2002).  This index uses the blue reflectance to correct for soil background noise and 
to reduce atmospheric influences.  It is usually valued between 0.2 and 0.8 in green vegetation, but has 
a general range between -1.0 and 1.0.  As this index has been known to compliment NDVI in 
monitoring vegetation, and is able to minimise any anomalies of atmospheric noise, this index can be 
used by products which have already been corrected for atmospheric influences (Huete et al., 2002), 
hence MOD09A1.  Although „R‟ in previous expressions represent reflectance without atmospheric 
corrections, the „R‟ in Equation 2.41 represents atmospherically corrected or partially atmospherically 
corrected (Rayleigh scattering and ozone absorption) surface reflectance (Huete et al., 2002).  The 
coefficients 2.5 and 1 are often seen as G and L, which are the gain factor and soil brightness 
correction factor respectively.  Coefficients 6 and 7.5 are constant values, which are the atmosphere 
resistance red correction coefficient and blue correction coefficient respectively. 
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2.41 
 
Simple Ratio Index (SRI) 
 
Possibly the earliest defined index, the simple ratio index (Equation 2.42), initially named the ratio 
vegetation index (Pearson and Miller, 1972) was the first most commonly used ratio to monitor 
vegetation (Jackson and Huete, 1991).  The use of this index was first reported by Jordan (1969) 
whereby the radiance ratio of 800 (NIR) and 675 nm (red) was used to derive LAI in a tropical 
rainforest (Tucker, 1979).  Subsequent work was completed by Pearson and Miller (1972) who used a 
portable spectroradiometer to derive this ratio to estimate the biomass of grass canopies (Tucker, 
1979).  As shown in Figure 2.12, the NIR reflectance illustrates the seasonal variability of vegetation 
more clearly than the red reflectance.  A simple ratio index simply divides the NIR reflectance by a 
wavelength in the red spectrum to monitor chlorophyll content (Jackson and Huete, 1991; Sims and 
Gamon, 2002; Tucker, 1979).    
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Figure 2.12 Time-series over cotton for the red (open circles) and NIR spectral regions (solid 
circles).  The solid lines represent smoothed data (Jackson and Huete, 1991 p.187). 
 
1
2
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R
SRI   based on work of Jordan (1969) 
2.42 
Modified SRI and NDVI 
 
Sims and Gamon (2002) used both the SRI and NDVI to estimate chlorophyll content using two sets 
of wavelengths in the red and NIR respectively; 680 and 800 nm, followed by 705 and 750 nm.  
Further modifications were made to account for high specular reflectance on the leaf surface, which is 
known to increase in the visible spectrum.  To remove this effect, the reflectance at 445 nm was used 
as a measure of surface reflectance as this is where chlorophyll and carotenoid absorptance is high, 
resulting in low reflectance in this spectrum.  The modified SRI is expressed in Equation 2.43. 
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This index utilises MODIS bands 1 and 2 to represent the red and NIR respectively, and the closest 
MODIS band to 445 nm is band 3 (blue).  Following this modified ratio, NDVI was modified to create 
the mNDindex, titled mNDVI for this study (Equation 2.44).   
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Since Sims and Gamon (2002) reported mNDVI to exhibit strong correlations with chlorophyll 
content, which also eliminated the effect of light scattering (but not water content), this index is 
expected to perform similar to NDVI (in the current research).  Hence, this modified index could 
provide information that is not detected by NDVI. 
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Chlorophyll Absorption Ratio Index (CARI) and Triangular Vegetation Index (TVI) 
 
Following the previous pigment and chlorophyll sensitive indices, the chlorophyll absorption ratio 
(CAR) is the distance between the base-line extended from the green reflectance peak (at 550 nm) and 
the reflectance at 700 nm.  Kim et al. (1994) found this ratio of 550 and 700 nm to be constant at leaf 
level regardless of the concentrations of chlorophyll.  Therefore, the CARI, expressed in Equation 
2.45, was developed based on the relationship of this ratio and the chlorophyll absorption band at 670 
nm (Broge and Leblanc, 2001).  The TVI was also developed to characterise the spectral absorption of 
pigments as a function of the red – NIR difference in combination with the magnitude of green 
reflectance (Broge and Leblanc, 2001).  This index is calculated as the area of the triangle (in spectral 
space) marked from the green reflectance peak to the red chlorophyll absorption minimum to the 
shoulder of the NIR plateau (Equation 2.46).   
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Where   150550700 RRa     
 aRb 550550     
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   4142 10060 RRRRTVI    (Broge and Leblanc, 2001) 
2.46 
 
2.4.4.5 Water Content 
 
As mentioned in section 2.4.3.1, vegetation water content can be monitored using particular 
wavelengths recognised as water absorption bands.  The sensitivity of these bands tends to vary with 
differing vegetation types, and various bands are reported throughout the literature.  Tucker (1980) 
found wavelengths at 1600 nm to be most sensitive to the liquid water content of leaves, while Gao 
(1996) utilised 1240 nm to detect liquid water content (Karnieli et al., 2001). 
 
Past studies have used MODIS band 5, as well as bands 2 and 6 to estimate vegetation water content 
(Cheng et al., 2006; Zarco-Tejada et al., 2003).  Since water content (in this case FMC) is closely 
related to curing (Barber, 1979; Dilley and Edwards, 1998; Dilley et al., 2004; Millie and Adams, 
1999), these bands are expected to show a response to curing.  Therefore, it is vital to explore many 
combinations of spectral bands, which respond to water absorption.  Indices such as the stress index 
(SI), water deficit index (WDI) and crop water stress index (CWSI) estimate the status of vegetation 
and the effect on evapotranspiration (Ceccato et al., 2001).  This is assuming that the “stress” of the 
monitored vegetation; is due to lack of water.  Indices, estimating water content include: the water 
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band index (WBI), simple ratio water index (SRWI), shortwave infrared water stress index (SIWSI), 
global vegetation moisture index (GVMI) and the most commonly used normalised difference water 
index (NDWI).  Depending on the wavelengths utilised, only a selection will be used to estimate 
curing in this research.  These indices include: vegetation water stress index (VWSI), SRWI, SIWSI, 
NDWI, and GVMI.  This excludes the WBI, which cannot be derived by MODIS. 
 
Vegetation Water Stress Index (VWSI) 
 
The lack of water in a plant causes the closure of stomata, restricted transpiration, and a decline in 
evaporation from the leaf surface, thus leading to vegetation stress.  With less water evaporating from 
the leaves, there is less (evaporative) cooling, resulting in an increase in leaf temperature.  Assuming 
that the differences between air and surface temperatures are related to plant water content and water 
stress, a number of researchers have used indices to measure vegetation stress due to lack of water 
(Ceccato et al., 2001).  Firstly, the water stress index is derived from latent heat energy (water vapour) 
using TIR data (Vidal et al., 1994).  Secondly, the crop water stress index is derived from canopy-air 
temperature data (Jackson et al., 1981).  The WDI, on the other hand, can be derived from remotely 
sensed measurements of surface temperature and reflectance in the red and NIR bands with field 
measurements of temperature, vapour pressure and net radiation (Moran et al., 1994).  Clarke (1997) 
reported that this index does not retrieve a direct measure of crop water stress, as it varies with soil-
water evaporation and crop transpiration (Ghulam et al., 2008).  Another index which monitors water 
stress, as opposed to water content, is the vegetation water stress index (VWSI) (Ghulam et al., 2008).  
As shown in Figure 2.13, Ghulam et al. (2008) plotted SWIR against NIR to find the slope (M) and y-
axis intercept (I) of the NIR-SWIR base line (CD).  The VWSI is expressed in Equation 2.47, where 
M1, M2, I1 and I2 refer to the slope and intercepts of the maximal (AC) and minimal (BD) water lines.  
These AC and BD lines indicate the change of surface vegetation cover from bare soil to partial or full 
cover (Ghulam et al., 2008). 
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Figure 2.13 The shape of the NIR-SWIR reflectance space at various levels of FMC, LAI and soil 
moisture (Ghulam et al., 2008). 
 
Water band Index (WBI) 
 
Also known as the plant water index (Zarco-Tejada et al., 2003), the water band index is sensitive to 
changes in canopy water content, hence the water absorption bands.  The spectral response of green 
vegetation is characterised by a trough at 970 nm due to water absorption (Rahman et al., 2003).  This 
trough tends to vanish from the reflectance spectrum if water content declines in vegetation.  The WBI 
(Equation 2.48) has been defined as a ratio of the reflectance at either 950 or 970 nm and the 
reflectance of a reference wavelength, in this case, 900 nm.   
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As the leaf water content increases, the absorption at 970 nm increases in relation to the absorption at 
900 nm (Rahman et al., 2003).  The reflectance at 900 nm is used as a reference as at this wavelength, 
there is no water absorption.  This index has been utilised in multiple studies to identify the water 
content of shrubs, crops, grasses and some tree species (Rahman et al., 2003).  This ratio may be 
sensitive to canopy structure and viewing angle, which makes this index dependent on the bi-
directional and geometrical effects of vegetation (Zarco-Tejada et al., 2003). 
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Simple Ratio Water Index (SRWI) 
 
The SRWI (Equation 2.49) has also been used in vegetation studies to account for effects due to water 
content, leaf dry matter and leaf internal structure (Zarco-Tejada et al., 2003).  The internal structure 
of a leaf has a significant effect on SRWI at relatively low values; and less effect as the internal 
structure increases.  This index is also sensitive to LAI (Zarco-Tejada et al., 2003).  Unlike the WBI, 
which combines wavelengths outside the MODIS bands, the SRWI can be used to assess changes in 
water content of grasslands by dividing MODIS band 2 with band 5 (Equation 2.49). 
 
5
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R
R
SRWI     (Rahman et al., 2003; Zarco-Tejada et al., 2003) 
2.49  
 
Normalised Difference Water Index (NDWI) 
 
MODIS bands 5, 6 and 7 are all located in the SWIR spectral region.  This is where leaf water content 
plays a major influence on leaf reflectance.  Band 5, in particular, is also sensitive to leaf internal 
structure and dry matter content, and as a result, these bands alone are not fit for detecting vegetation 
water content.  To improve the accuracy in detecting water content in vegetation, these bands need to 
be combined with band 2, in the NIR, which is affected by leaf internal structure and dry matter 
content but not by water content (Fensholt and Sandholt, 2003).  The NDWI, denoted as NDWI(5) in 
this study, was developed by Bo-Cai Gao (1996).  This index has been widely used in numerous past 
studies (Table 9.3, § 9.1.2) which utilise MODIS and Airborne Visible Infrared Imaging Spectrometer 
(AVIRIS) reflectance data to estimate vegetation water content (Cheng et al., 2006; Gao, 1996; Zarco-
Tejada et al., 2003), relative water content (Serrano et al., 2000) and live fuel moisture (Dasgupta et 
al., 2007; Hao and Qu, 2007; Roberts et al., 2005; Stow et al., 2006; Yebra et al., 2008).  Expressed in 
Equation 2.50, the two NIR wavelengths used are MODIS bands 2 and 5 respectively.  This index is 
generally valued between -0.1 and 0.4 for green vegetation, but may range between -1 and 1 (Zarco-
Tejada et al., 2003).         
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Both these wavelengths are located in the high reflectance plateau of the NIR spectrum (Gao, 1996).  
At these wavelengths, 860 and 1240 nm, atmospheric aerosol scattering effects are weak, making 
NDWI less sensitive to atmospheric effects than NDVI.  However, similar to NDVI, the NDWI does 
not correct for all soil reflectance noise (Gao, 1996).   
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Similar to NDWI(5), the NDWI(6) uses the wavelengths at 860 and 1640 nm (MODIS bands 2 and 6 
respectively), as expressed in Equation 2.51.  This index is also known as the normalised difference 
infrared index (NDII) (Dasgupta et al., 2007) based on the wavelengths 819 and 1649 nm using 
AVIRIS reflectance data (Serrano et al., 2000), and as the land surface water index (LSWI) (Xiao et 
al., 2005) using MODIS data.   
 
 
 
 62
626
RR
RR
NDWI


  (Chen et al., 2005) 
2.51 
 
Also used to monitor vegetation water content (Chen et al., 2005), this index is suggested to have a 
weaker relationship with vegetation water content than NDWI(5) (Dasgupta et al., 2007), particularly 
at canopy level owing to reflectance variation among leaves (Serrano et al., 2000).  This statement, 
however, remains subjective as NDWI(6) and canopy water content are still suggested to have a strong 
relationship (Serrano et al., 2000).   
 
In addition to these two water indices, NDWI(5) has yet again been modified by substituting the 1240 
nm wavelength (MODIS band 5) with 2130 nm (MODIS band 7) to form the NDWI(7), as shown in 
Equation 2.52.    
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This index has also been used to detect vegetation water content, but more specifically for ecosystem 
response to rainfall events (Huete and Didan, 2004).  
 
Shortwave Infrared Water Stress Index (SIWSI) 
 
Fensholt and Sandholt (2003) had also used MODIS to monitor vegetation water content in a semi-
arid environment.  Also using a combination of band 2 with band 5, and band 2 with band 6, the 
SIWSI (shortwave infrared water stress index) is simply an inverse of NDWI(5) and NDWI(6), 
expressed in Equation 2.53, where SIWSI(5) uses band 5, and SIWSI(6) utilises band 6. 
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Global Vegetation Moisture Index (GVMI) 
 
Ceccato et al. (2002) developed the GVMI, by correlating SWIR reflectance data with NIR.  
Regression lines were computed for each value of water content (EWT) over a canopy.  Isolines were 
then fitted (parallel) to the regression lines.  These isolines represent the GVMI, calculated as 
(Equation 2.54): 
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As this index uses MODIS bands 2 and 6, it has also been included in the extensive list of potential 
indices, including all three NDWIs, to assess curing. 
 
2.5     SUMMARY 
 
Past studies have used an extensive number of satellite-derived vegetation indices to investigate the 
properties of vegetation such as water content, chlorophyll content and fire fuel load.  Even though 
Table 9.3 (Appendix 9.1.2) has listed a selection of indices, with only a small selection of past studies, 
to which those indices have been utilised, the most widely used indices appear to be NDVI, EVI and 
NDWI(5).  Nevertheless, as grasslands cover such a large percentage of both Australia and New 
Zealand, this type of ecosystem is vital for bushfire research.  Many grassland studies have only used 
NDVI to assess curing.  With the use of both AVHRR and MODIS, a number of indices can be 
utilised.  The indices selected depend on which sensor is being used as these indices apply to certain 
wavelengths.  MOD09A1 comprises of the first seven MODIS bands, therefore indices which utilise 
these bands have been explored in this current research.  These indices include: NDVI, gVI, SAVI, 
PVI, WDVI, ARVI, GEMI, SARVI, AFVI(6), AFVI(7), VARI, GNDVI, BNDVI, GRNDVI, 
RBNDVI, GBNDVI, PNDVI, EVI, SRI, mSRI, mNDVI, VWSI, SRWI, SIWSI(5), SIWSI(6), 
NDWI(5), NDWI(6), NDWI(7), and GVMI.  Indices, which use wavelengths outside the MODIS 
bands, or use more than one wavelength within a MODIS band, can only be used for field 
spectroscopy.  These include: SGI, RGRI, PRI, CARI, TVI and WBI. 
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3 SITE CHARACTERISATION AND IN SITU 
OBSERVATIONS 
 
Martin, D., Jones, S.D., Grant, I.F. and Anderson, S. (2009b) “Assessment of grassland 
curing using field-based spectrometry and satellite imagery”, in S.D. Jones and K.J. 
Reinke (Editors), Innovations in Remote Sensing and Photogrammetry (Lecture notes in 
Geoinformation and Cartography) 1
st
 Edition, Springer, Berlin Heidelberg (ISBN: 978-3-
540-88265-7), pp. 229-237. 
 
This chapter describes the characteristics of the field sites, and presents in situ observations including 
measurements of curing and FMC, as well as field spectroscopy.  This chapter begins with a 
description of various factors including climate and fire season zones, grass types and soil types, and 
addresses Research Question 3 (§ 1.3.1).  While this question focuses on how grass type influences the 
progress of curing, this chapter also responds to Research Question 4 by investigating the spatial 
homogeneity of each field site.  Curing is not expected to occur at the same rate or intensity at each 
site, and in addition, the baseline spectral responses of these grasslands are likely to vary.  With 
respect to the spectral reflectance of these sites (to be explored in the following chapter), the leading 
factor to distinguish between sites is likely to be grass type, particularly between native grasses and 
improved pastures.  Moreover, the homogeneity of each site is investigated using Landsat imagery to 
find how representative each sampling point is of a 1.5 * 1.5 km area.  This will guide an 
understanding for whether the MODIS data should be captured from a 3 * 3 pixel window (1.5 * 1.5 
km area) or from a single pixel (500 * 500 m area) to minimise contaminated data.  In situ 
observations of curing and FMC are presented, and to explore which spectral regions are most 
sensitive to curing (Research Question 1), spectral measurements taken in a laboratory experiment and 
in the field are also presented. 
 
3.1 INTRODUCTION 
 
Grassland curing and FMC have been assessed throughout Australia in past studies (Allan et al., 2003; 
Barber, 1979; Barber, 1989; Dilley et al., 2004; Hosking, 1990; Millie and Adams, 1999; Paltridge 
and Barber, 1988) mainly in the southeastern corner of the continent.  As part of the Bushfire CRC 
Project A1.4 “Improved Methods for the Assessment and Prediction of Grasslands Curing”, field data 
were collected from July 2005 to December 2008 by a large number of researchers from fire and land 
management agencies at forty-nine sites throughout Australia and New Zealand.  Out of the forty-nine 
sites, thirty-two of these sites have been included in this study.  Fifteen sites included the 
measurements of FMC, and two of these sites also included field spectroscopy using an ASD 
Fieldspec Spectroradiometer.  These spectral measurements followed a laboratory - based experiment, 
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which were compared with these field measurements and explored the spectral responses to grassland 
curing.  The aim of using field spectroscopy for this research was to validate the MODIS satellite data, 
which will be investigated in the next two chapters, and to fully explore spectral responses.  For the 
time being, the primary focus of this chapter is on the characteristics of the field sites.  The criteria for 
site selection and evaluation are sites with level terrain, continuous cover of grass, and minimal cover 
of bare soil, trees, shrubs, roads, bodies of water and buildings.  The sites need to be homogeneous or 
constantly mixed at the scale of a MODIS 500 m pixel.  Also required to represent a surrounding 1.5 * 
1.5 km area (3 * 3 MODIS pixels), each site has been assessed for inhomogeneity, which has been 
recognised at some sites, building concern to the accuracy of the data.  This assessment identified the 
best approach for obtaining satellite data for the following chapters.   
  
3.2 FIELD SITE DESCRIPTION 
 
3.2.1 Field Sites 
 
Across Australia and New Zealand, the Bushfire CRC has collated a large dataset of field 
measurements from fire and land management agencies including Scion (New Zealand), Country Fire 
Authority (Victoria), Queensland Fire and Rescue Service, Department of Environment and 
Conservation (Western Australia), ACT (Australian Capital Territory) Emergency Services Authority, 
Geoscience Australia, University of New South Wales, and Ensis (ACT).  Depending on the rate of 
curing at each site, and also the availability of personnel, the duration of field sampling varied between 
sites.  Field data were collected from a total of forty-nine grassland sites (Figure 3.1), and one of these 
sites, Braidwood, was shifted east ~200 m (during the study period) to avoid exposure of bare soil and 
eaten – out grasses.  Samples collected from both the old (site number 13) and new (site number 14) 
Braidwood sites were combined together to result in a total number of forty-eight field sites.  All of 
these sites contributed to the Bushfire CRC research; however, after assessing these sites, sixteen sites 
were eliminated from this study owing to a number of factors, listed in Table 3.1.  These eliminated 
sites either comprised of very few field samples, or they were located in heterogeneous regions (too 
close to housing or forest land covers).  Some of these sites were sampled after December 2008, which 
was the end date of field data collection used for this research, meanwhile, some of these sites were 
only utilised to validate different field methods, and were not intended for use of satellite remote 
sensing.   
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Figure 3.1 All field sites in Australia and New Zealand. 
 
Table 3.1 Eliminated field sites, where IP and NG represent improved pastures and native 
grasses respectively.  A number of these sites were only used to validate the Levy rod technique, 
and not intended to employ for satellite remote sensing. 
Site  Latitude 
South 
Longitude 
East 
Grass 
Type Grass Species Soil Type 
Motive for 
elimination No. Name (country/state) 
10 Nelson (NZ) 41º19'51.4" 173º14'35.6" IP   
< 5 field 
samples 
 
 
 
17 Darlington Point (NSW) 34°33'44.3" 146°0'39.6" NG   
19 Glencraigie (NSW) 37°6'28" 149°4'0.96" NG 
Rye grass (Lolium 
multiflorum), 
dandelions 
(Taraxacum sp.) Clay 
20 
 
Fisher (ACT) 35°22'3.6" 149°3'12.6" IP 
Phalaris (Phalaris 
aquatica) 
Hard neutral 
yellow and 
mottled soils 
22 
 
 Monaro (ACT) 35°18'16.2" 149°10'12" IP 
Phalaris (Phalaris 
aquatica) 
Neutral leached 
red or yellow 
earths 
10 field samples 
(curing range: 
85-90%), 
surrounded by 
housing 
24 
 Umbigong (ACT) 35°12'23.4" 149°1'36" 
NG 
 
Kangaroo grass 
(Themeda 
triandra) 
Hard neutral 
yellow mottled 
soils 
< 5 field 
samples, 
surrounded by 
housing 
25 Milton (NSW) 35°16'6.6" 150°24'31.2" 
IP 
 
Kikuyu 
(Pennisetum 
clandestinum) 
Acid yellow 
leached earths 
< 5 field 
samples, 
surrounded by 
forest 
26 Yanco Tubbo(1) (NSW) 34°50'35.2" 146°7'3.9" NG   < 5 field 
samples 27 Yanco Tubbo(2) (NSW) 34°50'24.6" 146°6'28.9" NG   
32 
 
 Tooradin North (VIC) 38°9'52.3" 145°23'41.1" 
IP 
 
 
Phalaris (Phalaris 
aquatica) Heavy black soil 
< 5 field 
samples, too 
close to another 
site (4km from 
Tooradin) 
35 
 
 
Hobart Airport (TAS) 
 
 
42°50'54" 
 
 
147°29'22.2" 
 
 
NG 
 
 
Wall fescue 
(Vulpia muralis), 
rye grass (Lolium 
perenne), clover 
(Trifolium sp.) 
Alluvial plain 
with cracking 
clays topped at 
edges by aeolian 
sands 
< 5 field 
samples 
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39 Caulders Lake (QLD) 15°10'17.2" 144°18'41.3" NG  Alluvial black 
46 Dept Ag Katanning (WA) 33°40'51.2" 117°36'36.6" IP   
47 
Murrayville (Grass) 
(VIC) 35°14'28.9" 141°13'28.8" 
IP /  
NG 
Mixed native and 
introduced grasses 
Red sandy 
 
sampled in field 
after satellite 
data collection 
 
 
48 
Murrayville (Wheat) 
(VIC) 
35°14'25.8" 
 
141°12'54.7" 
 IP 
Common wheat 
grass (Elymus 
scaber) 
Red sandy 
 
49 
Neerim South (VIC) 
 
38°00'09.5" 
 
145°57'17.6" 
 
IP 
 
Rye grass (Lolium 
perenne), clover 
(Trifolium sp.)  
 
Out of the remaining thirty-two field sites (twenty-one in Australia and eleven in New Zealand), two 
of these sites (Caldermeade and Kaduna) included in situ spectral reflectance measurements at a range 
from 350 to 2500 nm.  Caldermeade and Kaduna are located 70 and 50 km southeast of Melbourne 
respectively, and both sites (used for cattle grazing) consist of improved pastures, with rye grass 
(Lolium perenne) being the dominant species.  Very few sites are located in central Australia; 
however, a large area of Australia comprises of desert, hence few fires occur in this region.  The field 
sites, summarised in Table 3.2, cover a variety of climatic and topographic regions, as well as different 
soil and grass types, and vegetation densities.  With latitudes ranging between 14 and 45 degrees 
south, these sites extend from tropical to cool temperate regions.  This implies that the fire seasons 
vary throughout the year across Australia and New Zealand.     
 
Table 3.2 List of sites and their characteristics.  Note.  Grass type represents either Improved 
Pasture (IP) of Native Grass (NG), *Climate data were obtained from selected weather stations, 
courtesy of the Bureau of Meteorology (2008) for Australian sites, and World WeatherDisc 
(1988) for rainfall, and  (NIWA, 2008) for temperature in New Zealand. 
Region 
 
Site Location Grass  
type 
Grass Species Soil type Mean 
Maximum 
Annual 
Temperat
ure (°C) 
Mean 
Annual 
Rainfall 
(mm)* 
Latitude 
South 
Longitude 
East 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 N
ew
 Z
ea
la
n
d
 
N
o
rt
h
 I
sl
a
n
d
 
Mt Biggs 40º12'28" 
 
 
175º27'31" 
 
IP Rye grass (Lolium 
perenne), clover 
(Trifolium sp.) 
Clay 
halcombe 
13.4 1253.5 
Stratford 39°20'7" 174°18'29" IP   13.4 1253.5 
Wanganui 39º48'16" 174º56'32" NG  Egmont ash 13.4 1253.5 
East Taratahi 41°0'29" 175°38'10" IP Rye grass (Lolium 
perenne), clover 
(Trifolium sp.) 
Alluvial 
plains.  
Takapau 
silt loam, 
sandy loam 
13.6 1027.1 
S
o
u
th
 I
sl
a
n
d
 
Acheron 42°6'4" 173°8'2.3" NG   12.4 863.7 
Molesworth 42°5'5" 173°15'54" IP/NG   12.4 863.7 
Darfield 
43°29'33" 
 
172°9'7.14" 
 
IP Rye grass (Lolium 
perenne), goose grass 
(Bromus mollis) 
 11.7 953.9 
Burnham 43º36'18" 172º17'46" IP Rye grass (Lolium 
perenne), goose grass 
(Bromus mollis) 
 11.7 953.9 
Godley Head 43°35'13" 172°48'21" IP/NG Rye grass (Lolium 
perenne), clover 
(Trifolium sp.) 
 11.7 953.9 
Lake Lyndon 43°19'51" 171°40'39" IP/NG   11.7 953.9 
Garston 45°29'14 " 168°41'49" IP Clover (Trifolium sp.)  9.8 880.6 
  
  
  
A
u
st
ra
l
ia
  
  
  
 
N
ew
 
S
o
u
t
h
 
W
a
le
s Braidwood 35°24'23" 149°48'12" IP/NG Kangaroo grass 
(Themeda australis) 
Hard 
neutral 
19.0 719.0 
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yellow 
mottled 
soils.  
Decompose
d granite 
Colinton 
35°51'0" 
 
 
149°9'30" 
 
 
IP/NG Tussock, love Grass 
(Eragrostis sp.), silver 
grass (Vulpia 
bromoides) 
Red loam 19.0 719.0 
Durran Durra 35°19'08" 
 
149°52'25" 
 
NG Kangaroo grass 
(Themeda triandra) 
Clay 19.0 719.0 
Brooklyn 35°43'11" 
 
 
 
149°34'19" 
 
 
 
IP/NG Kangaroo grass 
(Themeda australis), 
clover (Trifolium sp.) 
Granite 19.0 719.0 
A
u
st
ra
li
a
n
 C
a
p
it
a
l 
T
er
ri
to
ry
 
Majura 35°16'24" 149°11'29" IP/NG Tall speargrass 
(Austrostipa 
bigeniculata [dom]), 
Tall fescue (Festuca 
arundinacea), Wall 
fescue (Vulpia 
muralis), Common 
wheat grass (Elymus 
scaber) 
Neutral 
leached red 
earths or 
yellow 
earths 
19.6 618.4 
Tidbinbilla 35°25'54" 148°56'33" IP/NG Fringed fescue 
(Vulpia ciliate), tall 
fescue (Festuca 
arundianacea), 
phalaris (Phalaris 
aquatica), weeping 
grass (Microlaena 
stipoides) 
Hard acidic 
yellow 
mottled 
soils 
18.9 929.5 
V
ic
to
ri
a
 
Ballan 37°38'6" 
 
 
144°13'17" 
 
 
IP Rye grass (Lolium 
perenne), clover 
(Trifolium sp.) 
Clay 17.1 571.2 
Darnum 38°12'49" 
 
 
 
145°59'58" 
 
 
 
IP Rye grass (Lolium 
perenne), clover 
(Trifolium sp.) 
Volcanic 19.2 1021.4 
Kilcunda 38°32'20" 
 
 
 
 
 
145°27'22" 
 
 
 
 
 
IP Rye grass (Lolium 
perenne), water grass 
(Paspalum 
distichum), barley 
(Hordeum leporinum) 
Loam 18.7 934.0 
Tooradin 
38°12'10" 
 
 
 
145°22'55" 
 
 
 
IP Rye grass (Lolium 
perenne), water grass 
(Paspalum 
distichum), clover 
(Trifolium sp.), fog 
grass (Holeus 
Lanatus) 
Loam 19.2 854.8 
Caldermeade 38°13'32" 145°33'48" IP Rye grass (Lolium 
perenne) 
Loam 19.2 802.2 
Kaduna 38°5'22" 145°25'50" IP Rye grass (Lolium 
perenne) 
Loam 19.2 802.2 
Q
u
ee
n
sl
a
n
d
 
Ryans Farm 19°39'38" 146°48'50" NG Black spear grass 
(Heteropogon 
contortus), urochloa 
grass (Urochloa 
panicoides) 
Loam 28.9 1123.2 
Jerona 19°28'0" 147°13'16" NG Salt couch 
(Sporobolus 
virginicus), black 
spear grass 
(Heteropogon 
contortiii) 
Light clay 
soils 
29.1 939.8 
Lakefield 14°55'26" 144°11'37" NG Black spear grass 
(Heteropogon 
 32.4 1175.6 
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contortus), kangaroo 
grass (Themeda 
australis), paspalum 
(Paspalum 
dilatatum), love grass 
(Eragrostis sp.) 
W
es
te
rn
 A
u
st
ra
li
a
 
 
Parry 
Lagoons 
15°35'12" 128°14'2" NG Three-awned spear 
grass (Aristida sp.), 
native annual 
sorghum (Sorghum 
stipoideum), sand 
grass (Whiteochloa 
sp.), wanderrie grass 
(Eriachne obtusa) 
Red sand 35.6 794.2 
Silent Grove 
(Sandstone) 
17°7'51" 125°22'26” NG Black spear grass 
(Heteropogon 
contortus), spinifex 
(Triodia), golden 
beard grass 
(Chrysopogon fallax), 
native annual 
sorghum (Sorghum 
stipoideum) 
Sandstone 32.3 965.6 
Silent Grove 
(Blacksoil) 
17°3'46" 125°15'39" NG Hummock, black 
spear grass 
(Heteropogon 
contortus), buffel 
grass (Cenchrus 
ciliaris), mintbush 
(Prostanthera), 
golden beard grass 
(Chrysopogon fallax), 
native annual 
sorghum (Sorghum 
stipoideum) 
Black soil 32.3 965.6 
Lorna Glen 26°9'46" 121°33'31" NG Wanderrie grass 
(Eriachne obtusa), 
love grass (Eragrostis 
sp.), spinifex (Triodia 
melvillei), curry 
flower (Lysenema 
sp.) 
Red sand 29.9 240.5 
Mt Hart 
(Sandstone) 
17°1'47" 125°6'57" NG Buffel grass 
(Cenchrus ciliaris), 
black spear grass 
(Heteropogon 
contortus), mint bush 
(Prostanthera) 
Black soil / 
sandstone 
fringe 
32.3 965.6 
Simcocks 34°13'1" 116°22'59" IP  
 
Grey/brown 
sandy 
gravel 
(ironstone) 
20.3 1011.8 
 
3.2.2 Climate 
 
There have been numerous attempts to classify both Australia (BOM, 2008) and New Zealand 
(NZMS, 1983) into climatic regions (Sturman and Tapper, 1996).  The most widely used classification 
in Australia was developed by Köppen (1936), in which Australia is classified into six climate regions: 
equatorial, tropical, subtropical, desert, grassland and temperate (BOM, 2008).  With the exception of 
Lorna Glen, placed in the heart of the desert, all Australian field sites lie within the tropical (savanna), 
grassland and temperate zones.  The most recent classification for New Zealand, on the other hand, 
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was developed by both Maunder (1971) and the New Zealand Meteorological Service (1983), with the 
country extending from sub tropical to a cool temperate climate (Sturman and Tapper, 1996). 
 
3.2.2.1 Tropical (savanna) 
 
About 39% of Australia lies within the tropical climate zone (Luke and McArthur, 1978).  Consisting 
of rainforests and savannas, tropical regions of Northern Australia experience a dry winter and a wet 
summer, owing to the monsoon, which generally shifts over northern Australia from November to 
April.  The onset of the monsoon, however, varies relating to sea surface temperatures and the El Nino 
Southern Oscillation (Sturman and Tapper, 1996).  The monsoon consists of northwesterly winds 
bringing humid conditions over this part of the continent, including showers and thunderstorms.  The 
variability in rainfall across the top end of Australia still remains quite high.  For example, the field 
site at Lakefield in northern Queensland receives a mean annual rainfall of 1176 mm; however, Parry 
Lagoons (which borders with the Grassland climate zone) receives just 794 mm.  The annual mean 
maximum temperatures of Lakefield and Parry Lagoons (the two most northern field sites) are 32 and 
36°C respectively.  In comparison, Jerona and Ryans Farm, which receive 940 and 1123 mm of annual 
rainfall respectively, both reach a maximum of 29°C (Table 3.2). 
 
3.2.2.2 Tropical (savanna) / Grassland 
 
As mentioned earlier, Parry Lagoons resides on the margin of two climate classes; tropical savanna 
and grassland.  Similarly, Silent Grove [Sandstone], Silent Grove [Blacksoil], and Mt Hart 
[Sandstone] also border both climatic regions, and are located in the Kimberley region.  With hot 
summers and winters of dry conditions, the grassland climate zone is generally placed across Northern 
Australia, south of the tropics and north of the desert.    
 
3.2.2.3 Desert 
 
Comprised of a persistently dry climate, the Australian desert consists of relatively hot days and cool 
nights.  This arid environment is known for its high temperatures, high evaporative rates, and low and 
unpredictable rainfall (Box et al., 2008), with a median annual rainfall of less than 350 mm (BOM, 
2008).  Lorna Glen, the driest of all field sites, lies in central Western Australia, and receives only 241 
mm of rain each year (Table 3.2). 
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3.2.2.4 Temperate 
 
Southern Australia has a long east-to-west coastline stretching between cool ocean winds from the 
south, and hot dry winds from the north (BOM, 2008).  Summers over this coastline are mostly dry 
and hot, in which following a long period of consecutive hot days, hot and dry winds from the 
continent‟s interior may cause bushfires in southern and eastern Australia (Luke and McArthur, 1978).  
With mean annual rainfall ranging from 618 mm in Majura to 1021 mm in Darnum (Table 3.2), 
southeastern Australia varies from a temperate climate in New South Wales (with a warm and 
distinctly dry summer) to a temperate climate in Victoria (with a warm summer but no dry season).  
Southwestern Australia (where Simcocks is located) also lies in the temperate zone with moderately 
dry winters and warm summers.  Maximum annual temperatures in the region of the Simcocks site 
average to 20°C, and the annual rainfall averages to 1012 mm (Table 3.2).  Alongside Majura, 
Darnum and Simcocks, other sites that reside in the temperate climate are Braidwood, Brooklyn, 
Colinton, Durran Durra, Tidbinbilla, Ballan, Kilcunda, Tooradin, Caldermeade, and Kaduna.    
 
3.2.2.5 Subtropical / Cool Temperate 
 
The climate in New Zealand ranges from cool temperate in the south, with mean annual temperatures 
of 10°C to sub-tropical in the far north, with annual temperatures averaging to 16°C (NIWA, 2007).  
The steep and divided terrain results in a dramatic variation along the length of the country (Fogarty 
and Pearce, 1995).  As listed in Table 3.2, the mean annual rainfall and maximum temperatures vary 
from 1253 mm and 13°C at Stratford (subtropical) to 881 mm and 10°C at Garston (cool temperate).  
Unlike the Australian sites, most New Zealand sites also experience snow fall in the winter months.  
Sites in particular are Garston, Lake Lyndon, Acheron and East Taratahi. 
 
3.2.3 Vegetation 
 
While climate plays a key role in the diversity and distribution of vegetation (and vice versa), the type 
of grass cover at each site is likely to vary across the climate zones (§ 3.2.2).  Alongside climate 
variability, vegetation type is another factor which may influence the onset of curing, as well as the 
spectral response of grasslands.  Therefore, it is vital to sample and measure the variability in grass 
type and species.  It has been suggested throughout the literature (§ 2.2), that grass type, species and 
land management (grazed or ungrazed) influence the nature of curing (Cheney and Sullivan, 2008).  In 
a grazed pasture, for example, the fuel may be well eaten down (and may become more compacted) 
before becoming fully cured, making the grasses shorter than an un-grazed pasture of the same 
species.  Therefore fire behaviour is likely to differ between grazed and un-grazed pastures, as well as 
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harvested and un-harvested crop lands (Cheney and Sullivan, 2008).  Regarding curing rates for 
different species of grass, rye grass (Lolium perenne), and fog grass (Holeus Lanatus) have shown to 
cure at a faster rate than clovers (Trifolium spp) (Mouazen et al., 2007).  This means that grasses at 
Caldermeade (rye grass) are expected to cure faster than at Garston (clovers), although many field 
sites consist of a mixture of these pastures (Table 3.2).  As for native perennial grasslands (mostly 
found at sites in northern Australia), these grasses tend to cure less rapidly than annual pastures, 
particularly at the onset of curing.  Spinifex, on the other hand (found at Silent Grove (Sandstone) and 
Lorna Glen), has found to behave differently from other native species, as it tends to retain its green 
colour for longer, despite the decline in FMC (Allan et al., 2003).  This would impinge on curing and 
FMC measurements taken at these sites, which will be a taken into account when discussing the 
results.   
 
Between grass types and species, variation is also evident in canopy structure and architecture, which 
may affect the surface reflectance of a vegetation canopy (§ 2.4.3).  Clovers, for example, are expected 
to provide differing curing and spectral results compared with native spear grass or with species such 
as rye grass.  Clovers and rye grass have a contrasting shaped/structured leaf.  The needle-shaped leaf 
of a rye grass stands tall and vertical in the ground, while the flat-round leaf of a clover sits 
horizontally under the canopy of any taller grasses.  At the nadir-viewing angle, clovers have a greater 
surface area, which, is not only viewed more readily by satellite, but has more chance of being counted 
in a Levy rod curing measurement (to be introduced later in this chapter).  Owing to the variations 
between grass species, it is therefore vital to collect field samples from a wide variety of grass types.  
These sites have fallen into four classes, which are tropical grasslands, hummock grasslands, tussock 
grasslands and improved pastures (including crop lands).  These classes, listed in Table 3.3, will be 
introduced to provide an understanding of the similarities and difference between field sites. 
 
Table 3.3 Division of sites by region, climate zone, vegetation class, soil type, fire season and time 
of year when curing commences (first signs of dead material and loss of moisture) and ends 
(curing has reached its maximum %). 
Region Field sites Climate zone Vegetation Soil Curing Period Fire season 
Commences Ends 
Northern 
WA 
Silent Grove 
(Sandstone), 
Silent Grove 
(Blacksoil), Mt 
Hart (Sandstone) 
Tropical 
(savanna) / 
Grassland (hot  / 
dry winter) 
Tropical / 
Hummock 
(native 
grasses) 
Sandstone, 
Blacksoil 
Feb – 
May 
Sept – 
Nov 
Winter 
and 
spring 
Parry Lagoons Tropical 
(native 
grasses) 
Red sand 
Northern 
QLD 
Ryans Farm, 
Jerona, Lakefield 
Tropical 
(savanna) 
Loam, 
Clay 
Spring 
Central WA Lorna Glen Desert (hot 
persistently dry) 
Hummock 
(native 
grasses) 
Red sand May – 
Jun 
Oct – 
Dec 
Spring 
and 
summer 
Southeastern 
NSW 
Braidwood Temperate 
(distinctly dry,   
warm summer) 
Tussock 
(native 
mixed with 
improved 
pastures) 
Granite, 
Loam 
Sept – 
Dec 
Jan –
Apr 
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Brooklyn, 
Majura, 
Tidbinbilla, 
Colinton 
Improved 
pasture 
(mixed with 
native 
grasses) 
Durran Durra Native 
grasses 
Clay Dec – Feb Mar – 
Jul 
Southern 
VIC 
Ballan, Darnum, 
Kilcunda, 
Tooradin, 
Caldermeade, 
Kaduna, 
Temperate (no 
dry season, warm 
summer) 
Improved 
pasture 
Clay,  
Loam, 
Volcanic 
Sept – 
Nov 
Jan – 
Mar 
Summer 
and 
autumn 
Southern 
WA 
Simcocks Temperate 
(moderately dry 
winter, warm 
summer) 
Grey / brown 
sandy gravel 
New 
Zealand 
Acheron, 
Burnham, 
Darfield, East 
Taratahi, Garston, 
Godley Head, 
Lake Lyndon, 
Molesworth, Mt 
Biggs, Stratford, 
Wanganui 
Subtropical / 
Cool temperate 
Clay, 
Loam, 
Egmont Ash 
Sept – Jan Jan – 
Jun 
 
3.2.3.1 Tropical grasslands (native) 
 
Tropical grasslands, which can grow up to 3 m high, are generally associated with open forests and 
woodlands and are found in regions of high rainfall (greater than 750 mm per year) (Cheney and 
Sullivan, 2008).  The most common grass species in tropical grasslands include: S.intrans, S.stipodium 
(tall annual sorghums), Heteropogon triticeus (giant spear grass) and S.plumosum (perennial 
sorghum).  These grasses are distributed amongst various woody eucalypt species including 
E.tetrodonta (Darwin Stringybark), E.polycarpa and E.miniata (Darwin woollybutt) (Specht and 
Specht, 1999).  Ryans Farm (§ 9.2.2.2) consists of Black spear grass and Urochloa grass, and unlike 
this site, which is of low grazing, the other tropical grasslands assessed in this study are not grazed.  
These sites include: Parry Lagoons (70% Three-awned spear grass, 30% Native annual sorghum), 
Lakefield (60% Black spear grass, 20% Kangaroo grass, 20% other) and Jerona (Black spear grass and 
Salt couch). 
 
3.2.3.2 Hummock grasslands (native) 
 
Also known as Spinifex, about one quarter to a third of the continent is occupied by perennial 
hummock grasslands (Groves, 1994), which are dominated by Triodia spp. (porcupine grass) and 
Plectrachne.  In the arid regions of Australia, these grasslands receive less than 200 mm of annual 
rainfall (Specht and Specht, 1999).  Mainly distributed in the northern half of Australia (Specht and 
Specht, 1999), Hummock grasslands also consist of a scattered overstorey of many Acacia spp. 
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including Allocasuarina decaisneana (desert oak), Eucalyptus spp., Grevillea spp., or Hakea spp. 
(Cheney and Sullivan, 2008).  The only field site categorised as a hummock grassland is Lorna Glen 
(§9.2.2.2), which is un-grazed and contributes 70% Spinifex and 30% other native grasses.  Three 
sites, however, resemble features of both tropical and hummock grasslands. Comprised of no grazing, 
these sites include: Silent Grove [Blacksoil] (60% Spinifex, 10% Native annual sorghum, 30% other 
native grasses), Silent Grove [Sandstone] (50% Spinifex, 10% Native annual sorghum, 40% other 
native grasses) and Mt Hart [Sandstone] (80% Buffel grass, 10% Black spear grass, 10% other native 
grasses) (§ 9.2.2.2). 
 
3.2.3.3 Tussock grasslands (native) 
 
In Australia, tussock grasslands are mainly found in the northern and eastern regions of the continent, 
and are dominated by a mono-layered or multi-layered community of rushes (Juncaceae), perennial 
grasses (Poaceae), sedges (Cyperaceae), or iron grass (Lomandra spp.).  Being relatively compact with 
leaf canopies covering up to 70% of the ground (Groves, 1994), these grasslands are confined to 
regions of mean annual rainfall between 200 and 500 mm (Luke and McArthur, 1978).  Consisting of 
only 20% tussock, 50% kangaroo grass (native to Australia) and a mixture of pastures, Braidwood  
(§ 9.2.2.2), of low grazing, is the only site in this study which falls into this category.  Short tussock 
grasslands in New Zealand characterise a mixture of exotic grasses and improved pastures.  Species 
include Hard tussock (Festuca novae-zelandiae), blue tussock (Poa colensoi), and silver tussock (Poa 
cita) (Vescovo et al., 2006). Depleted tussock grasslands, however, which are common in dry and 
heavily grazed areas, have a lower biomass and plant productivity, and also include herbal vegetation 
(Vescovo et al., 2006).   
 
3.2.3.4 Improved Pastures 
 
Almost 15% of Australian grassland consists of improved pastures and crop lands (Barber, 1992), 
which are generally found in regions of relatively high rainfall (Luke and McArthur, 1978).  Most 
pastures were originally woodlands, but after most trees were removed, these blocks of land were 
planted with grass species suitable for cattle and sheep grazing (Cheney and Sullivan, 2008).  
Improved pastures generally include annual and perennial grasses, and in some pastures very heavy 
grasses such as phalaris (found in Tidbinbilla) have replaced light native grasses such as kangaroo 
grass (found in Brooklyn).  This results in an increase in the land‟s fuel load and more intense grass 
fires (Luke and McArthur, 1978).  In the ACT/NSW region, all sites except for Durran Durra  
(§ 9.2.2.2) (consisting of native grasses), are comprised of improved pastures mixed with native 
grasses and crop lands.  Generally in crop lands, the most common plants include oats and sorghum 
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(Cheney and Sullivan, 2008), wheat (mixed with pastures in Majura), barley (found in Kilcunda), rye 
grasses and clovers (generally distributed in Victorian and New Zealand sites).  Similar to improved 
pastures, fire behaviour of crop lands is partially determined by the presence or absence of weeds and 
native grasses beneath the crops (Fogarty and Pearce, 1995).  Comprised of little or no grazing, Ballan 
and Kaduna (§ 9.2.2.2) are embedded with rye grass and clover, and rye grass respectively.  Brooklyn, 
on the other hand, consists of clover, mixed with kangaroo grass.  Sites which are moderately grazed 
include: Majura (common wheat grass and tall fescue), Tidbinbilla (phalaris, tall fescue, weeping 
grass), Simcocks (mixed pastures), Darnum (rye grass and clover), Kilcunda (rye grass and barley), 
Tooradin (rye grass and clover) and Caldermeade (rye grass) (§ 9.2.2.2).  In New Zealand, improved 
pastures are generally vigorous with relatively high levels of soil fertility, and are dominated by 
species such as clovers and ryegrass (Vescovo et al., 2006).  Un-grazed pasture sites in New Zealand 
(§ 9.2.2.1) include Godley Head (rye grass and clover) and Lake Lyndon (mixed with native grasses), 
and sites of low grazing include Stratford, Garston and Acheron (predominantly native grasses).  East 
Taratahi (rye grass and clover) and Mt Biggs (rye grass and clover) are moderately grazed.  High 
grazing occurs at Burnham (rye grass and goose grass), Molesworth and Wanganui, which are both 
mixed with native grasses.   
 
3.2.4 Soils 
 
The Bushfire CRC selected forty-nine field sites according to vegetation type, but not to soil type.  
Soil type; however, is a potential factor for stratifying the sites into groups.  Although this research 
focuses on the assessment of vegetation, soils play a key role in affecting the spectral response of a 
landscape, particularly in regions of low vegetation fraction.  As described in the literature review (§ 
2.4.3.2), the spectral properties of a soil vary with soil type, moisture, organic matter and iron content, 
and its exposure to the sun.  Soil colour, and hence reflectance is greatly affected by the content of 
organic matter and iron, as soils rich in organic matter feature a dark/black topsoil and soils rich in 
iron consist of a reddish or brownish colour (McCoy, 2005).  Climate and drainage conditions, 
however, have a major influence on soil colour and complicate the relationship between organic 
matter content and surface reflectance (Verbyla, 1995).  Generally, soils of higher organic matter 
content and moisture content are recognised to have a lower spectral reflectance than dry soils of low 
organic matter (Eshel et al., 2004).  As soils dry out throughout the fire season, their spectra are likely 
to lose their water absorption features, particularly for sandy soils, which are found in Parry Lagoons 
and Lorna Glen.  In contrast, clay soils, found at Mt Biggs, Ballan and Jerona, tend to demonstrate a 
stronger spectral response with moisture content, particularly at 1400 and 2210 nm, as soils dry out.  
As many sites comprise of loam, which is generally a mixture of silt, clay and sand, these sites (East 
Taratahi, Kilcunda, Tooradin, Caldermeade, Kaduna and Ryans Farm) may provide the spectral 
response of either clay or sandy soils.  Moreover, depending on the intensity of grazing and climatic 
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conditions, sites of improved pastures generally have a higher vegetation fraction than sites of native 
grasses.  With Lorna Glen (hummock grassland) exposing the most bare soil compared to other sites, 
this site and most native grassland sites are likely to provide a mixture of spectral signals (of soil and 
vegetation) from satellite.   
 
3.2.5 Land use 
 
Another factor which influences the fuel load, nature of curing and hence fire spread is land use, and 
the intensity of grazing.  The impact of cattle grazing (at Burnham, Tidbinbilla and Simcocks), for 
example, may differ from the impact of sheep grazing (at Burnham, Brooklyn, Lorna Glen, 
Caldermeade, Kaduna and Ballan).  Some field sites have experienced the impact of grazing by 
kangaroos (at Braidwood, Durran Durra and Majura), and even light grazing by emus (at Simcocks) 
and grasshoppers (at Tidbinbilla).  At sites with native grasses, such as Lorna Glen, Silent Grove 
(Blacksoil), Silent Grove (Sandstone), Parry Lagoons, Jerona and Durran Durra, the grasslands are 
undergrazed all year round.  This factor generally impacts the sites of improved pastures, where 
(between seasons) the levels of grazing range between undergrazed, lightly grazed, moderately and 
heavily grazed.  Some sites are grazed so heavily, that there is no longer any fuel to possibly spread a 
fire.  For example, at Majura, in the summer of 2007/2008, nearly all grass had been eaten out.  This 
resulted in a lower biomass and higher exposure of bare soil, providing the collection of very few 
curing samples of what grass was left.  This not only reduced the accuracy of sampling in this season, 
but also altered the satellite measurements over this site.  The land use and its intensity of any given 
field site is not expected to be a leading factor in influencing the behaviour of curing and its spectral 
response.  However, it is a vital factor that needs to be recognised for any anomalous results observed. 
  
3.2.6 Site Categories 
 
Each field site shares at least one common factor with at least one other site.  Whether that factor is 
climate zone (hence, located in the same region), grass type or soil type, these sites can be grouped 
according to these factors.  The time of year when fire is most likely to occur (that is, the fire season), 
depends on the climate zone within which the site is located.  Referring to Figure 2.4 (§ 2.3), there are 
five fire seasons in Australia: winter and spring, spring, spring and summer, summer, and last of all 
summer and autumn (Barber, 1979).  For this research, the field sites fall into just four seasons, by 
combining summer with summer and autumn.  As for New Zealand, these sites have been grouped 
with Australian sites of similar latitude.  Therefore, sites that reside in the tropical climate experience 
their fire season throughout winter and spring, meanwhile summer and autumn fire seasons occur in 
temperate and subtropical to cool temperate regions.  The time of year when the fire season 
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commences is also expected to roughly coincide with the onset of curing.  Across all field sites, curing 
generally commences and ends at different times of the year and at each site, this may vary between 
years.  As shown in Table 3.3, the field sites have been categorised according to region, climate zone, 
vegetation, soil, curing period and fire season.  Note that towards the end of curing, the grasslands are 
reaching their critical curing period.  For example, the sites in Victoria have reached their highest 
levels of curing from January to March.  After categorising these sites, assumptions have been made, 
that sites with common factors (for example, soil type) are likely to have similar reflectance spectra 
observed from satellite.  Grass type, in particular, is expected to be a leading factor as it not only 
affects the spectral reflectance of a surface, but the nature of curing is dependent on this factor, and so 
the temporal variation of reflectance spectra is expected to vary between sites of differing grass 
species. 
       
3.3 SITE CHARACTERISATION – HOMOGENEITY 
 
3.3.1 Introduction 
 
This section investigates the homogeneity of each field site and its surrounding landscape.  Partially 
owing to species composition, grasslands are not typically homogeneous.  Homogeneity does not 
mean that there is no variation within the field site.  But rather that the variation is evenly distributed 
over the sampling area (McCoy, 2005).  If land surfaces display high spectral variability at scales 
smaller than that of the satellite data, the concern of mixed pixels arises.  Therefore, data generated 
from a satellite remote sensor depends on the spectral properties of the different surfaces (Busetto et 
al., 2008).  For example, the right-hand side in Figure 3.2 illustrates a poor sampling site for two main 
reasons.   
 
 
Figure 3.2 Assuming plants are of the same species, the even distribution of vegetation cover on 
the left-hand side provides an adequate site for sampling.  However, the uneven distribution on 
the right-hand site demonstrates a poor sampling site.  Adapted from Joyce  (1978). 
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Firstly, the sampling point (marked „x‟) does not represent the whole sampling area.  Secondly, the 
patches of bare ground are likely to exhibit differing reflectance spectra in comparison with the 
vegetation.  Therefore the mixed pixels in the centre of the pixel window will provide inaccurate 
spectral data of vegetation in the field site.   
 
At this stage of the current research, the variability between field sites has been identified in terms of 
soil and grass type, and climate.  In order to compare in situ data with satellite data (later in Chapter 
5), the constraint of this research was the homogeneity of each study site.  Concerns were raised of 
how representative a site is of the surrounding 1.5 * 1.5 km area, which equates to a 3 * 3 pixel 
window, using 500 m MODIS imagery.  This size for a pixel window is generally a minimum size to 
assess vegetation cover, and anymore than 15 * 15 pixels, may not gather any further useful 
information (McCoy, 2005).  Past studies have used a 3 * 3 pixel window to reduce atmospheric noise 
and/or geo-referencing errors (Dymond and Shepherd, 2004; Johansen et al., 2007; Stöckli et al., 
2005; Yebra et al., 2008).  As described previously in Chapter 2 (§ 2.4.2.3); however, the center of the 
MODIS pixel can have a geolocation error of 85 m along-track and 153 m across-track.  Even from a 3 
* 3 pixel window, this error may reduce the accuracy of satellite data at heterogeneous field sites, and 
even with perfect geolocation, heterogeneity may still discourage the use of the 3 * 3 window.  These 
sites are, therefore, not suited for this size window, suggesting the need for a single pixel.   
 
In the interim, the issues that have been accounted for include: how representative a field site is of one 
MODIS (500 m) pixel, how sensitive the MODIS measurement is to variations in location of the 
MODIS pixel, and whether there are any locations in the vicinity of the sampling that should be 
avoided.  Not only is it vital to observe any spatial variation within the nine pixel window, it is also 
important to consider any variation directly outside the window.  As mentioned previously (§ 2.4.2.3), 
there is potential for geolocation error in computing the exact location and orientation of the satellite 
overpass (Strahler et al., 1999).  In homogeneous areas, it is acceptable to allow for some location 
error as long as the site is not near a category boundary (McCoy, 2005).  However, if a nine pixel 
window is located adjacent to a body of water (for example), that window should be shifted away from 
the water to avoid the collection of „damaged‟ spectral data.    
 
3.3.2 Methods 
 
In order to assess the homogeneity of the field sites, Landsat images have been employed to analyse 
the spatial variability within each site.  These images, at a 30 m spatial resolution, were taken from 
July 1999 to September 2000, and each scene (of a level 2 product) was radiometrically and 
geometrically corrected and resampled at a 25 m resolution.  Using Landsat‟s red (band 3) and NIR 
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(band 4) bands, NDVI images were created and used to simulate the MODIS imagery.  For each 
image, the variation of the 25 m Landsat pixels within the area of one simulated 500 m MODIS pixel 
was measured.  The variation was then measured between the nine simulated MODIS pixels.  In 
greater detail, in a single 500 m MODIS pixel, there are 20 * 20 Landsat pixels, making there 400 
Landsat pixels in a single MODIS pixel.  For each simulated MODIS pixel, the mean and standard 
deviation NDVI value (out of 400 Landsat pixels) was calculated, and the coefficient of variation (the 
standard deviation divided by the mean), abbreviated as CV was calculated for each MODIS pixel.  As 
a measure of variability, the standard deviation and variance have magnitudes that are dependent on 
the magnitude of the data, whereas the CV expresses variability relative to the mean of the sample 
(Zar, 1999), which is able to detect heterogeneity (Zhang et al., 2003).  After Roth (1976) and Wiens 
(1974) (in Zhang et al., 2003), this measure compares the variability and heterogeneity of grasslands 
in each simulated MODIS pixel.  For example, if this coefficient is high, it means that there is more 
variation relative to the mean.  These statistics are displayed accordingly with the position of each 
MODIS pixel in the nine pixel window.  To follow on from observing each simulated MODIS pixel 
separately, the nine mean NDVI values were then averaged together.  The standard deviation and CV 
were also estimated from the nine mean values.  Some sites have shown to be uniform and 
homogeneous and other sites consist of surrounding tree cover, rivers, and buildings.  Therefore, a 
number of sites, which were homogeneous, did not require any modification, and some sites required 
modification and/or relocation of the sampled MODIS footprint with respect to the location of the 
field sampling site of up to 1000 m.  No threshold was made; however, for deciding whether sites were 
homogeneous.  Owing site-specific characteristics, the sites were assessed individually.  Owing to the 
lack of homogeneity, and contrasting topography at most New Zealand field sites, these sites were not 
assessed in this thesis.  As it was of interest to maintain high quality data for this research, the list of 
field sites was narrowed down to the Australian sites only.  
 
3.3.3 Results and Discussion 
 
With the intention of assessing the data quality of each site, a Landsat image and list of statistics has 
been presented under the headings “Original 3 * 3 grid” and “Relocated / Modified grid”, where the 
original window is plotted as a dashed line, and the relocated grid as a solid line.  The Australian sites 
are described in detail in Appendix 9.2.2 in the same order as in Table 3.2.  The following section 
describes three of these sites; Ballan, Ryans Farm and Simcocks, while briefly outlining of the other 
field sites. 
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3.3.3.1 Homogeneous Sites 
 
The following eight sites: Ballan, Braidwood, Tidbinbilla, Caldermeade, Kaduna, Parry Lagoons, 
Silent Grove [Sandstone] and Lorna Glen have been recognised as homogenous, with relatively little 
spatial variation across a 1.5 * 1.5 km area.  Beginning with the driest site of Victoria (571 mm of 
annual rainfall), Ballan is located roughly 65 to 70 km north - west of Melbourne, and is mixed with 
rye grass and clovers (Plate 3.1) spread across a clay soil.  The sampling area at this site marks a 
suitable location for satellite observations, and appears homogenous across the whole 3 * 3 km scene 
(Figure 3.3), which allows for any error in location of the satellite over-pass.  As shown on the right-
hand side of the Landsat plot, the statistics within each 500 m MODIS pixel have been listed.  The CV 
varies from a maximum of 0.124 (in the south west), to a median of 0.094 in the central northern pixel 
(bordered in red, where the NDVI is 0.458), to a minimum of 0.067 in the north-east corner.  The CV 
of the nine mean NDVI values (shaded in blue in Figure 3.3), however is 0.050.  Note that this CV is 
not the mean of the nine CV values, but the CV of the nine NDVI values.  The NDVI of the central 
pixel (0.435) lies within the minimum – maximum range (0.398 – 0.458) across the nine pixel 
window, yet the difference between the mean NDVI (0.424) and the central pixel NDVI is relatively 
low (0.011).  Overall, the mean statistics (particularly the CV) indicate that the spatial variability 
across the nine pixel window is quite low.  This suggests that the Ballan site is homogenous, and that 
the point of sampling (at point x) represents the whole 1.5 * 1.5 km area. 
 
 
Plate 3.1 Improved pastures at Ballan, Victoria on January 25
th
 2008 (Source: Mike Masters - 
CFA). 
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Figure 3.3 Ballan, Victoria.  NDVI image generated from Landsat bands 3 and 4. 
 
Similarly; Braidwood, Tidbinbilla, Caldermeade, Kaduna, Parry Lagoons, Silent Grove [Sandstone] 
and Lorna Glen were all classified as homogeneous, and did not require to be relocated.  Braidwood, 
for example (Figure 9.1, in Appendix 9.2.2), has the second lowest spatial variation (with a CV of 
0.036) out of all Australian field sites.  The lowest of these sites is Lorna Glen, with a CV of 0.019 
(Figure 9.19).  As summarised in Table 3.4, the CV of mean values of these sites range between 0.019 
at (Lorna Glen) to 0.110 at Silent Grove [Sandstone] (Figure 9.17), though the second highest CV at 
Kaduna (Figure 9.12) is estimated to 0.087.   
 
Table 3.4 Summary statistics of homogeneous sites 
Site Mean 
CV 
Mean 
NDVI 
Central 
NDVI 
Difference between mean 
NDVI and central NDVI 
NDVI range NDVI spread 
Ballan 0.050  0.424 0.435 0.011 0.398 - 0.458 0.060 
Braidwood 0.036  0.492 0.479 0.013 0.477 - 0.533 0.056 
Tidbinbilla 0.078  0.420 0.401 0.019 0.370 - 0.466 0.096 
Caldermeade 0.074  0.281 0.251 0.030 0.251 - 0.311 0.060 
Kaduna 0.087  0.265 0.271 0.006 0.219 - 0.292 0.073 
Parry lagoons 0.061  0.197 0.210 0.013 0.171 - 0.210 0.039 
Silent Grove (Sandstone) 0.110  0.174 0.178 0.004 0.136 - 0.191 0.055 
Lorna Glen 0.019  0.163 0.162 0.001 0.157 - 0.167 0.010 
 
With the exception of Caldermeade and Parry Lagoons, the NDVI of the central 500 m pixel lies 
within the minimum to maximum range at each site.  The central pixel values of NDVI are equivalent 
to the minimum and maximum values at Caldermeade and Parry Lagoons respectively (Figure 9.11 
and Figure 9.16).  This suggests that field observations are sampled at a point of either the lowest or 
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highest NDVI, and when the NDVI is extracted from the central pixel only (as opposed to the 3 * 3 
grid), the NDVI will either be under- or over-estimated.  Across this 3 * 3 window, NDVI has the 
maximum spread of 0.096 at Tidbinbilla (Figure 9.6), and has the smallest spread of 0.010 at Lorna 
Glen. 
 
Interestingly, Lorna Glen is characterised by its red sandy soil and sparse patches of hummock 
grasslands (Plate 3.2).  The patchiness at this site suggests Lorna Glen to be less uniform than other 
sites such as Ballan.  The variation across the hummock grassland is relatively large at a 1 m scale.  
However, at a 25 m scale (Landsat) or a 500 m scale (MODIS), the variation is relatively small, hence 
Lorna Glen has the lowest CV of all field sites.  Again, referring to the NDVI of the central pixel, this 
value tends to have little difference with the mean NDVI across the nine MODIS pixels.  These values 
differed by only 0.001 at Lorna Glen, in contrast with a difference of 0.030 at Caldermeade. 
 
 
Plate 3.2 Hummock grasslands at Lorna Glen (Central WA) on June 12
th
 2006 (Source: 
Department of Environment and Conservation, Bushfire CRC). 
 
3.3.3.2 Relocated Sites 
 
The following seven sites: Ryans Farm, Kilcunda, Silent Grove [Sandstone], Brooklyn, Majura, 
Darnum and Lakefield, listed in Table 3.5, were relocated, in terms of the location of the 3 * 3 MODIS 
grid with respect to the field sampling site, to reduce the spatial variation within the 1.5 * 1.5 km area.  
Ryans Farm for example, features a flourishing canopy of native grasses (Plate 3.3), with minimal 
exposure of its loamy soil.  This site is characterised by a relatively homogeneous landscape excepting 
some rocky outcrop in the south-western corner of the 1.5 * 1.5 km area (Figure 3.4).  The window 
was shifted 500 m north-east (bordered in blue) to avoid the mixed pixel (bordered in mauve), for 
which the CV of 0.231, was much higher than in the other eight MODIS pixels of the window.  This 
shift reduced the CV of means from 0.081 to 0.035, and also reduced the NDVI minimum – maximum 
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range (across the nine pixels) from 0.463 - 0.600 (a difference of 0.137) to 0.538 - 0.600 (a difference 
of 0.062).  This is a site that may possible be more suited to a single pixel window to obtain MODIS 
data.  Similar to Parry Lagoons, however, the central NDVI at the relocated window of Ryans Farm 
does not lie strictly within the minimum – maximum range.  Instead, the central pixel represents the 
maximum NDVI of 0.600.  This shift has reduced the spread of NDVI and also the difference between 
the central pixel NDVI and the mean NDVI from 0.04 to 0.02. 
 
 
Plate 3.3 Native grasses at Ryans Farm, eastern Queensland on April 26
th
 2006 (Source: 
Bushfire CRC). 
 
 
Figure 3.4 Ryans Farm, Queensland.  NDVI plot generated from Landsat bands 3 and 4. 
 
Identical to Ryans Farm, Kilcunda and Silent Grove [Blacksoil] were also relocated north and east 500 
m (refer to Figure 9.9 and Figure 9.18 respectively, Appendix 9.2.2), the Lakefield site was shifted the 
same distance but north and west (Figure 9.15), and the last three sites; Brooklyn, Majura and Darnum 
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were relocated 500 and 1000 m south and east respectively (Figure 9.2, Figure 9.5, Figure 9.8).  
Firstly, across the nine pixels of each original 1.5 * 1.5 km window, the NDVI values had the widest 
spread at Majura, ranging from 0.340 to 0.552 (a difference of 0.212) and had the smallest spread at 
Silent Grove [Blacksoil] with a minimum – maximum range of 0.168 to 0.250 (difference of 0.089).  
The shifting of these sites; however has reduced the NDVI range at all seven sites.  The minimum-
maximum NDVI difference had reduced at Darnum from 0.206 to 0.124 and at Silent Grove 
[Blacksoil] to 0.031.  Secondly, the NDVI value of the central pixel tends to lie within the minimum-
maximum range at all original sites.  However, at the relocated windows, this remained the case for all 
sites excepting Ryans Farm (as mentioned earlier) and Silent Grove [Blacksoil].  Thirdly, the 
relocation of these sites had created very little change of the central NDVI value.  At Kilcunda, this 
value remained the same, and the greatest change (of 0.040) occurred at Ryans Farm.  The mean 
NDVI across the nine pixels, on the other hand, had changed by 0.006 (minimum) at Kilcunda and by 
0.060 (maximum) at Majura.  In addition, the difference between the central pixel NDVI and the mean 
NDVI (across the nine pixels) varied between sites for the original windows, with a maximum 
difference at Ryans Farm (0.040) and the least difference at Darnum (0.001).  At the relocated 
windows, this difference had risen at Darnum to 0.025 and at Lakefield from 0.010 to 0.014.  At all 
other sites, the difference between the central NDVI and mean NDVI+ had dropped, with the smallest 
difference at Brooklyn and Majura (0.002).  Finally, the CV of means across the nine pixel window, 
and hence the spatial variation, was reduced at each site once relocated.  At the original sites, the 
variation ranged from the lowest CV of 0.081 at Ryans Farm to the highest CV of 0.176 at Majura.  
Once relocated, these CV values dropped to 0.035 and 0.070 respectively, with Ryans Farm still 
consisting of the least variation and with the highest variation of 0.077 at Darnum.       
 
Table 3.5 Summary statistics of Relocated Sites 
Site Difference between 
original and 
relocated 
CV NDVI range Difference between 
mean NDVI and 
central NDVI 
NDVI spread 
Central 
NDVI  
Mean 
NDVI  
CV original relocated original 
 
relocated original relocated original relocated 
Ryans Farm 0.040 0.020 0.046 0.081 0.035 0.463 - 
0.600 
0.538 - 
0.600 
0.04 0.02 0.137 0.062 
Kilcunda 0.000 0.006 0.074 0.126 0.052 0.246 - 
0.384 
0.281 - 
0.326 
0.020 0.014 0.138 0.045 
Silent Grove 
(Blacksoil) 
0.010 0.021 0.084 0.142 0.058 0.168 - 
0.250 
0.166 - 
0.197 
0.018 0.013 0.089 0.031 
Brooklyn 0.029 0.045 0.049 0.095 0.046 0.472 - 
0.626 
0.464 - 
0.538 
0.018 0.002 0.154 0.074 
Majura 0.032 0.060 0.106 0.176 0.070 0.340 - 
0.552 
0.302 - 
0.371 
0.026 0.002 0.212 0.069 
Darnum 0.025 0.001 0.035 0.112 0.077 0.432 - 
0.638 
0.490 - 
0.614 
0.001 0.025 0.206 0.124 
Lakefield 0.034 0.030 0.078 0.114 0.036 0.412 - 
0.578 
0.435 - 
0.486 
0.010 0.014 0.166 0.051 
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3.3.3.3 Modified and Modified/Relocated Sites  
 
The following four sites: Simcocks, Tooradin, Jerona and Mt Hart (Sandstone) were the most 
heterogeneous.  Simcocks was not relocated but was modified.  Meanwhile Tooradin, Jerona and Mt 
Hart (Sandstone) were relocated and modified.  Beginning with Simcocks (Plate 3.4), this site is 
located in the southwest corner of Western Australia.  In an area that receives 1012 mm of rainfall a 
year, this patch of improved pastures is surrounded by forest (Plate 3.5), and would be most suited to 
be observed from satellite from the central pixel only.   
 
 
Plate 3.4 Simcocks, southwestern WA.  Field observation on April 19
th
 2006 (Source: Bushfire 
CRC). 
 
 
Plate 3.5 Simcocks aerial photograph on November 18
th
 2006 (Source: Bushfire CRC). 
 
Due to the relatively small area of this grassland, the surrounding forest is likely to alter the spectral 
response of the site, preventing the sampling point from representing the whole 1.5 * 1.5 km area 
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(Figure 3.).  Concern is raised over this site, owing to the location error from satellite of the central 
pixel.  This heterogeneous site has a CV of 0.209 over all nine pixels, yet the central pixel, has a 
variation of only 0.161, in contrast with the highest CV in the western central pixel (bordered in red in 
Figure 3.5) of 0.550.  The seven pixels with the highest CV values were masked out (shaded by 
dashed lines).  The mean statistics of the original site is calculated across all nine pixels (bordered in 
blue); however, the mean statistics of the modified window is calculated from the two pixels, which 
are not shaded (bordered in mauve).  Once the seven pixels were masked out, the two remaining 
NDVI values differed by 0.003, and hence the variation between these two pixels is 0.008.  The 
central-east pixel also has a low CV; however, the chance of any shift in location from the satellite 
over-pass could shift this pixel into the forested region.   
 
 
Figure 3.5 NDVI image of Simcocks generated from Landsat bands 3 and 4. 
 
Tooradin and Jerona were not only modified, they were shifted north 500 m (refer to Figure 9.10 and 
Figure 9.14 respectively, Appendix 9.2.2), as opposed to Mt Hart (Sandstone) which was shifted 500 
m south (Figure 9.20).  The relocation of the Tooradin site avoided mixed pixels over housing and 
bodies of water, while the shift of Jerona avoided the most heterogeneous regions of the landscape 
which comprise a network of rivers.  This relocated site, however, did not appear particularly uniform 
or homogeneous, hence the masking out of selected pixels, this will be explored in Chapter 6.  As 
shown in Figure 3.5, the selection of two pixels were utilised to compute the mean statistics for 
Simcocks‟ modified window.  Similarly, five pixels were selected for Tooradin, three for Jerona and 
seven pixels for Mt Hart (Sandstone), which is more homogenous the other three sites.  Once the sites 
were relocated (excepting Simcocks) and modified, the NDVI spread across all selected pixels had 
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dropped, with the widest spread of NDVI values (0.055) at the Tooradin site, and (as expected) the 
lowest spread (0.003) across the two pixels at Simcocks.  Apart from Simcocks, the central NDVI 
values lie within the NDVI range for the original and relocated/modified window of each site.  These 
central NDVI values also had little change before and after the window changes.  For example, the 
central NDVI differed by 0.015 at Jerona, 0.009 at Mt Hart (Sandstone) and only 0.001 at Tooradin.  
The mean NDVI, on the other hand differed the most at Simcocks (by 0.071) and the least at Tooradin 
(by 0.003).  The difference between the mean NDVI and the central pixel NDVI was greatest at the 
original windows, except for Tooradin, where this difference changed from 0.005 to 0.007.  In 
addition, the spatial variation is greatest at all original windows, and drops by 0.114 at Jerona but only 
by 0.04 at Mt Hart [Sandstone], as this site has the least variation across the landscape.   
 
Table 3.6 Summary statistics of Modified (selected pixels)/Relocated Sites (take note that direct 
CV comparisons can not be made between 9 pixels and a smaller number of pixels, owing to a 
different sample size). 
Site Difference between 
original and 
modified 
CV NDVI range   Difference between 
mean NDVI and 
central NDVI 
NDVI spread 
Central 
NDVI  
Mean 
NDVI 
CV original modified original modified original modified original modified 
Simcocks (9 to 
2 pixels) 
0.00 0.071 0.201 0.209 0.008 0.232-
0.418 
0.232-
0.235 
0.073 0.002 0.186 0.003 
Tooradin (9 to 
5 pixels) 
0.001 0.003 0.035 0.103 0.068 0.272 - 
0.387 
0.309 - 
0.364 
0.005 0.007 0.115 0.055 
Jerona (9 to 3 
pixels) 
0.015 0.051 0.114 0.154 0.040 0.238-
0.381 
0.355-
0.381 
0.029 0.007 0.143 0.026 
Mt Hart 
(Sandstone) (9 
to 7 pixels) 
0.009 0.008 0.04 0.124 0.084 0.171 -
0.238 
0.171-
0.220 
0.027 0.026 
 
0.067 0.049 
 
3.3.4 Summary of Sites 
 
Most field sites have a relatively low CV and are said to be homogeneous.  The site that raises most 
concern is Simcocks.  However all other sites suggest that the MODIS footprint of sampling represents 
the whole 1.5 * 1.5 km area.  Many field sites did not require any shifting, these include: Braidwood, 
Tidbinbilla, Ballan, Caldermeade, Kaduna, Silent Grove [Sandstone] and Lorna Glen.  Regarding the 
sites, which were relocated (Brooklyn, Majura, Darnum, Kilcunda, Tooradin, Ryans Farm, Jerona, 
Lakefield, Parry Lagoons, Silent Grove [Blacksoil] and Mt Hart (Sandstone)), the spatial variation was 
generally lower than that of the original window.  Out of all relocated sites, Figure 3.6 identifies the 
CV to have the greatest reduction at Majura, followed by Silent Grove (Blacksoil), Lakefield, Jerona 
and Kilcunda.  The spatial variation of Mt Hart (Sandstone) however did not change dramatically, 
owing to the little change in surface cover across the 3 * 3 km scene.  As the CV of the relocated 
windows is generally lower than that of the original windows, some are even lower than sites where 
the windows were not relocated.  For example, Braidwood, Lorna Glen, Ballan and Parry Lagoons 
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have the lowest variation, therefore, were not relocated.  Once the necessary sites were relocated, 
Brooklyn, Ryans Farm and Lakefield had a lower CV than Ballan and Parry Lagoons.   
 
 
Figure 3.6 The coefficient of variation (of the simulated MODIS pixels) of the original and 
relocated 3 * 3 pixel window at each Australian field site 
 
In contrast with Figure 3.6, Figure 3.7a shows the central pixel CV for each site (at the relocated 
window, if relocated), which is calculated between the 400 Landsat (25 m) pixels within the 500 m 
square.  This demonstrates that the curing at the field sample scale (~20 m) is representative of curing 
at the scale of the MODIS pixel at most field sites, with the exception of Jerona, Darnum and 
Kilcunda.  Figure 3.7b, on the other hand, shows the CV calculated between the nine simulated 
MODIS (500 m) pixels.  This demonstrates the sensitivity of a 500 m MODIS pixel being shifted 
around the 3 * 3 grid, which is only apparent at the Simcocks site.  At Simcocks, the satellite data 
extracted from the central pixel is likely to provide more accurate information than from the 9-pixel 
window.  However, the central CV is computed from 400 NDVI values from Landsat pixels of 25 m 
resolution, and the “Mean CV” is computed from nine NDVI values which represent the nine 
simulated MODIS pixels of 500 m resolution, which are mean values of the 400 Landsat pixels.  
Therefore, direct comparisons cannot be made between both CV values from Figure 3.7a and b.  Thus 
far, Figure 3.7 suggests that owing to the low variation across the whole 3 * 3 window (at most sites), 
the satellite data could be extracted from the 3 * 3 window.  However, this is clearly not suitable for 
all sites. Therefore, to allow for consistency between the field sites, the MODIS data presented in the 
next two chapters (4 and 5) were extracted from the single central pixel (of the relocated grid if 
relocated). In order to investigate the results shown in Figure 3.7, the MODIS data in Chapter 6 are 
captured from various size (pixel) windows, including the 3 * 3 window, and comparisons are made. 
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Figure 3.7 The coefficient of variation of the relocated central pixel and the coefficient of 
variation (across all nine pixels) of the relocated 3 * 3 pixel window at each Australian field site. 
 
To obtain valuable data collection, the field sites have been selected according to homogeneity and 
also to the frequency of field sampling.  Some sites were sampled for one fire season only, and some 
sites were sampled across a few fire seasons, but less frequently.  Therefore, the data obtained from 
particular sites hold more value than at other sites.  In Table 3.7, these sites have been listed 
(generally) from the most to least number of Levy rod curing samples, as this measure is the main 
focus for later comparison with MODIS satellite data.  This hierarchy of sites will be used as a 
reference to decide whether results from some sites should be excluded in later chapters.  
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Table 3.7 Hierarchy of Field Sites 
Site Number of     
seasons 
Total number of samples Site Homogeneity (CV of 
nine pixels in relocated grid) Visual  Levy rod Destructive FMC 
Majura 4 35 34 8 30 0.070 
Braidwood 3 28 28 9 24 0.036 
Godley Head 3 26 29 7 24  
Tidbinbilla 4 31 31 5 29 0.078 
Burnham 3 16 16 4 15  
Lake Lyndon 3 33 33 7 27  
Wanganui 3 18 19 0 0  
Darnum 2 20 22 0 0 0.077 
East Taratahi 4 19 19 0 0  
Mt Biggs 4 18 19 0 0  
Ballan 2 10 18 0 4 0.050 
Parry Lagoons 2 13 14 14 14 0.061 
Caldermeade 1 14 14 9 11 0.074 
Kilcunda 1 1 14 0 0 0.052 
Stratford 3 2 13 0 0  
Lorna Glen 2 11 12 12 11 0.019 
Silent Grove (Sandstone) 2 12 12 10 9 0.110 
Garston 3 9 12 0 0  
Darfield 1 8 11 2 7  
Simcocks 2 11 11 4 6 0.209 
Ryans Farm 1 11 11 0 0 0.035 
Acheron 2 6 11 0 0  
Mt Hart (Sandstone) 2 10 10 9 8 0.111 
Kaduna 1 10 10 7 8 0.087 
Molesworth 2 5 10 0 0  
Tooradin 2 8 9 0 0 0.068 
Silent Grove (Blacksoil) 1 7 7 5 4 0.058 
Jerona 1 7 7 0 0 0.086 
Brooklyn 1 7 7 0 0 0.046 
Lakefield 1 4 4 0 0 0.036 
Colinton 1 3 7 0 0 0.081 
Durran Durra 1 0 8 0 0 0.105 
 
3.4 CURING AND FUEL MOISTURE CONTENT 
 
3.4.1 Introduction  
 
To assess grassland curing across Australia and New Zealand, field data were collected from a number 
of selected grassland sites, some of which were identified using satellite imagery.  The methods used 
to assess curing include Levy rod sampling (Levy and Madden, 1933) (§ 2.2.3), visual estimates, 
destructive sampling (also used to estimate FMC), and spectral measurements were also conducted in 
two sites of Victoria.  Natural variation across a landscape dictates that field sampling should not 
occur at a single point.  Field sampling should occur at a number of sampling points to allow the field 
data to represent the whole landscape area (McCoy, 2005), in this case, 1.5 * 1.5 km.  Therefore, at the 
centre of each site two 20 m transects, perpendicular to each other, were used to undertake the curing 
measurements.   
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3.4.2 Methods 
 
Independent of this thesis, Bushfire CRC researchers and fire and land management agencies have 
collected field data in selected sites across Australia and New Zealand using three methods: 1) visual 
observations, 2) Levy rod sampling, and 3) destructive sampling.  These methods are described in 
Martin et al. (2009a).  After Anderson et al., (2005) investigated these in situ methods in a pilot study 
of the Bushfire CRC project, these methods have been tested against each other to identify the most 
accurate technique to estimate curing.  The visual assessment of grassland curing is a quick estimate of 
the percentage of dead material in a grassland (Hosking, 1990).  The levy rod method involves placing 
a steel rod vertically into the ground (a vertical point transect).  The number of grass tillers, in which 
the rod touches is counted and recorded (Levy and Madden, 1933).  Destructive sampling; however, 
involves collecting grass samples in the field and sorting them into live and dead material in the 
laboratory, then oven-drying and weighing these live and dead components to calculate the proportion 
of dead fuel.  This method is also used to estimate FMC. 
 
3.4.2.1 Visual Observations 
 
The visual assessment of grassland curing is a quick estimate of the proportion of dead material in 
percentage to the total volume of grass (Hosking, 1990).  This method includes the use of the 
photographic field guide of grassland colour and growth stage used by the Victorian Country Fire 
Authority (Garvey and Millie, 2001) as an aide for observers in the field.  Although this low-cost and 
efficient method is used routinely across Australia and New Zealand, this technique has been 
recognised as inaccurate for curing assessment (Anderson et al., 2006), particularly the use of a photo 
guide as a reference (Millie and Adams, 1999).  It has found to correlate poorly with destructive 
sampling in Victoria (Dilley and Edwards, 1998), and has provided poor assessment of curing in 
Tasmania (Hosking, 1990). It has also produced poor results in New Zealand (Pairman et al., 1995), 
where it has been used routinely since mid-1996 (Pearce et al., 2003).  This technique is suggested to 
under-estimate curing assessment by as much as 50% (Baxter and Woodward, 1999; Pairman et al., 
1995), particularly when secondary growth occurs (Anderson and Pearce, 2003; Hosking, 1990; Millie 
and Adams, 1999).  Therefore, two other methods have been used for a more thorough field 
assessment. 
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3.4.2.2 Levy Rod Sampling 
 
Unlike other grassland curing studies, field assessment in this study has also included the Levy rod 
method.  This technique entails counting the number of grasses that come in contact with a thin steel 
rod (5 mm diameter), which is placed vertically into the ground.  Primarily developed by Levy and 
Madden (1933) to attain a vertical profile of vegetation species composition, this approach was 
pursued by Radcliffe and Mountier (1963), to measure the composition of pastures in which a species 
percentage is calculated using Equation 3.1. 
 
100% 






VegetationallonTouchesTotal
SpeciesaonTouchesTotal
Species  (Radcliffe and Mountier, 1963)  
3.1 
 
In the current study, the grasses touched by the rod are classified as dead or alive, and the numbers are 
tallied and converted to a curing percentage (Anderson et al., 2005).  This method was repeated along 
transects within each site and was demonstrated as a more accurate sampling technique than visual 
observations (Anderson et al., 2005).  In the Bushfire CRC pilot study (§ 3.4.2), Anderson et al., 
(2005) trialled three variations of the Levy rod method along a transect at selected field sites: Monaro, 
Fisher, Majura, Umbigong, Milton, Darfield and Godley Head (§ 3.2.1).  The first was simply to count 
the first touch on the rod, and to record whether the grass sward is dead or alive.  The second variant 
included all touches of grass to be counted and recorded as dead or alive.  The third variant counted 
and classified the first touch in each stratum of grass fuel. Three strata were identified, as either 
standing grass tillers, grass sward or thatch (Anderson et al., 2005).  Using the “All Touches” method 
for this study, either ten or twenty samples were made along a 20 m transect, and this was repeated at 
another transect at its right angle.  The degree of curing was then calculated using Equation 3.2. 
 
100




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TouchesTotal
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CuringrodLevy   (Anderson et al., 2005)  
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3.4.2.3 Destructive Sampling 
 
As the moisture content of grass is affected by temperature and humidity, variations of FMC estimates 
are expected; depending on weather conditions and time of day in which the grass is sampled (Barber, 
1979).  McArthur (1966) investigated the variation of FMC in dry rye grass (Lolium perenne) over a 
30-hour period.  It was found that the ODW had increased from 3% at 3:00pm to 22% at 6:00am 
(Barber, 1979), which clearly indicates a definite effect of these variables on FMC.  Following Barber 
(1979), who estimated FMC of grass species such as clovers (Trifolium spp) and rye grass (Lolium 
perenne); from three random sites in Victoria, Paltridge and Barber (1988) estimated FMC from five 
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sites in Victoria.  In this study, a 0.25 m
2
 of grass was located and collected for each sample to find the 
total green biomass per unit area (Paltridge and Barber, 1988).  Two years later this method was 
altered by Paltridge and Barber (1988) so that there were twenty-one study sites; however, the sample 
size did not change.  These two studies demonstrated that this number of sample is too small and 
should be much larger in future studies to contribute to the 1-km resolution of AVHRR imagery  
(Paltridge and Mitchell, 1990).  Further differing methods have been used in the past to estimate the 
moisture content of fuels, such as distillation with xylene (Hickman, 1978; Samuelsson et al., 2006), 
freeze drying (Samuelsson et al., 2006), and the most commonly used method, as shown in Table 3.8, 
oven drying (Barber, 1989; Barber and Pratt, 1980; Ceccato et al., 2001; Chuvieco et al., 2004; 
Danson and Bowyer, 2004; de Groot et al., 2005; Garvey, 1989; Hickman, 1978; Millie and Adams, 
1999; Paltridge and Barber, 1988; Paltridge and Mitchell, 1990; Samuelsson et al., 2006; Stow et al., 
2006; Tucker, 1977) which was used in the current study.  Hickman (1978) used the xylene distillation 
method, as well as oven drying in a microwave and a conventional oven.  He found that conventional 
oven drying (just above 100°C) was the simplest and safest method (Barber, 1989).   
 
Table 3.8 Past studies using the oven drying method to estimate FMC 
Assessed  
vegetation type 
Oven 
Temperature  
(°C) 
Hours of oven 
drying 
Region Reference 
 Grass 50 48  Colorado, USA  (Tucker, 1977) 
 Grass +100 +10  California, USA  (Hickman, 1978) 
 Grass and pastures 105 48  Victoria, Australia  (Barber and Pratt, 1980) 
 Grass and pastures 104 24  Victoria, Australia  (Garvey, 1989) 
 Grass 105 24  Victoria, Australia  (Barber, 1979; Barber, 1989) 
 Grass and shrubs 60 48  Spain  (Chuvieco et al., 2004) 
 Grass 70 48  Sumatra, Indonesia  (de Groot et al., 2005) 
 
Destructive sampling, was used in this research to estimate curing and FMC, as the ODW.  At each 
site, five samples of all combined (live and dead) grass (down to the soil) were collected from within a 
0.25 m
2 
quadrat (Plate 3.6).  After samples were collected and weighed, they were dried at 105°C for 
24 hours, and for some samples (which were fairly large), for 48 hours.  This ensured all moisture was 
removed from each sample.  Once samples were oven dried, they were reweighed to obtain the ODW, 
that is, the FMC, which was calculated using the formula expressed previously in Equation 2.1.   
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Plate 3.6 Destructive sampling at Caldermeade (Victoria) using a 0.25 m
2
 quadrat. 
 
Prior to weighing and oven drying, selected samples were sorted into live and dead components.  This 
was followed by weighing, oven-drying as explained earlier.  The curing percentage was calculated 
from the dried weights of these combined (live and dead), and dead samples, using Equation 3.3. 
 
100
WeightDryCombined
WeightDryDead
CuringeDestructiv  
3.3 
 
Owing to the large number of field sites, and number of researchers/volunteers conducting the 
sampling around Australia and New Zealand, this method was likely to vary, but not as much as the 
visual observations.  For example, at most sites, the grass samples were collected in tins, in which they 
were weighed and oven dried.  At other sites, the samples were collected in plastic zip-lock bags, and 
oven dried in large foil trays.  After collection, these samples are used to determine both the 
percentage of dead material (curing), and FMC.  These data will be compared against reflectance 
spectra, and later on, against MODIS satellite data.   
 
3.4.3 Results and Discussion 
 
3.4.3.1 Curing Time-series   
 
Owing to a wide range of grass types throughout Australia and New Zealand, the rate of curing is 
expected to vary between sites as well as the time of year at which curing occurs due to different 
climate zones.  In Figure 3.8, curing has been plotted against time for each site from April 8
th
 2005 to 
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December 28
th
 2008.  At some sites, curing was sampled for one season, while sampling was 
undertaken at other sites for up to four seasons.  The Levy rod method was the most widely used 
technique across the sites, and destructive sampling was simply used to assess the Levy rod and visual 
methods.  The Levy rod curing estimates have shown to be higher, particularly at Caldermeade, 
Kaduna, Brooklyn, Braidwood, Godley Head, Parry Lagoons, Lorna Glen, Ryans Farm and Jerona.  
This compliments suggestions made by past researchers, that visual estimates are underestimating the 
degree of curing (Anderson et al., 2005).  Beginning with the Victorian sites (Caldermeade, Kaduna, 
Ballan, Darnum, Kilcunda and Tooradin) these grasslands commenced (Levy rod) curing (that is, 
reaching above 60%) by late December to early January.  Owing to a significant rainfall event on 
December 20
th
 2007, some of these sites experienced secondary growth.  This rainfall reduced the 
curing level by 20% at Tooradin (in ten days), and by 15% at Kilcunda (in just seven days).  
Caldermeade and Kaduna were also affected by this rainfall as well as further rainfall in January and 
February.  Both sites never fully cured as Caldermeade reached a maximum of 82% and Kaduna, 71%.   
 
Apart from Lake Lyndon and Godley Head, which generally commence curing around late December, 
the New Zealand sites tend to cure slightly later than in Victoria, as a curing degree of 60% is not 
reached until late January to early March.  The onset of curing is quite variable in the NSW and ACT 
sites, not only between sites, but between seasons, owing to a relatively dry summer of 2006/2007, 
where curing commenced in Tidbinbilla and Majura as early as mid - October.  In contrast to New 
Zealand and southern Australia, including Simcocks, where curing generally commences in October to 
November, the onset of curing in northern Australia is generally at the start of winter.  In Parry 
Lagoons, Mt Hart [Sandstone], and the two Silent Grove sites, the grasses begin to cure from early 
May to early June, while in Lorna Glen 60% is not reached until late July.  As for Queensland, the 
onset of curing occurs from early June to early July.     
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Figure 3.8 Grassland curing (using three methods) plotted against time for all (32) field sites 
around Australia and New Zealand.  Note that in situ observations are generally taken around 
the curing period. 
 
3.4.3.2 Comparison between methods   
 
Although curing levels assessed using the Levy rod were found to be generally higher than visual 
assessments, there was no general distinction between these two methods and destructive curing.  
Therefore, to gain a better understanding of the accuracy of these methods and how they compare with 
each other, the three methods have been analysed using a one-way ANOVA (analysis of variance) to 
investigate how different the methods are from each other.  This analysis is generally utilised when 
comparing the means of more than two populations, and testing whether the means are significantly 
different (StatSoft, 2008).  In this case, there are three populations, which are the three methods of 
curing data; visual, destructive and Levy rod.  Using this technique, the data can be explored by 
finding the variability within each method, and the variability between the three methods.  ANOVA 
computes a ratio called the F-statistic, named after R.A. Fisher, who introduced the concept of this 
technique (Zar, 1999).  If this statistic is large, the variability between visual, destructive and Levy rod 
is more than the variability within each method.  If the F-statistic is small, on the other hand, there is 
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zero difference between the methods compared to the variance within each method.  To carry out this 
analysis, the sole focus of comparing the three methods is using the F-statistic.  Firstly, the average 
curing value across all sites and all seasons ranged from 53% for visual to 69% for destructive, with a 
mean Levy rod value of 63% (Figure 3.9).  Across all field sites (excepting Stratford, Kilcunda and 
Durran Durra), statistically different curing values were found between the three methods using a one-
way ANOVA (F = 26.59, p<0.0001).  As shown in Figure 3.9, the highest mean percentage was 
estimated using destructive sampling, and the lowest using visual sampling.   
 
 
Figure 3.9 Mean curing values from 29 field sites (that is, all sites except for Stratford, Kilcunda 
and Durran Durra). 
 
Even when dividing the data sets into three geographical regions, the methods still result in 
statistically different values in northern Australia (F = 15.27, p<0.0001), southern Australia (F = 
13.15, p<0.0001) and New Zealand (F = 5.60, p = 0.004).  In contrast, the curing values for each 
method were also compared between the three geographical regions.  While the Levy rod and visual 
methods were statistically different (F = 9.12, p = 0.0001 and F = 6.09, p = 0.0025 respectively), the 
destructive sampling between regions did not differ significantly (F = 0.59, p = 0.5569). 
 
Figure 3.10, on the other hand, presents the difference between each method and for each site.  To 
generate these plots, the curing values between methods were subtracted from one another.  For the 
difference between the Levy rod and visual, for example, the visual curing values were subtracted 
from the Levy rod curing values, and denoted as “Levy rod – Visual”.  Concurrent with poor 
correlations found between visual and destructive curing (Millie, 1999 in Anderson et al., 2005), 
Figure 3.10 demonstrated a (slightly) larger difference between destructive and visual observations, 
than between destructive and Levy rod curing.  The largest difference was found between the Levy rod 
and visual samples, although these techniques were used more frequently than the destructive 
sampling, providing a larger number of samples.  Between these two techniques, the high variability 
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between sites suggests sampling error between personnel.  This is clearly seen when comparing Jerona 
(where only seven samples were taken) with Darnum (twenty-two samples taken).   
 
 
Figure 3.10 Difference between curing methods from each field site (except for Stratford, 
Kilcunda, Durran Durra, where only one technique was utilised).  
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Regardless of the number of samples taken, the results are somewhat affected by the individual who is 
sampling at each site.  However, both methods at Jerona did have a high correlation with each other   
(r = 0.9406, p = 0.0016).  Sites with a smaller difference between Levy rod and visual, such as Silent 
Grove (Blacksoil), Darnum, Garston, Molesworth, Acheron, Tooradin, Ballan, Mt Biggs, Wanganui 
and Darfield could be expected to provide more accurate data.  This returns us to the hierarchy of the 
field sites suggested in Table 3.7, where Jerona is located towards the end of the list.  This hierarchical 
list identifies Jerona as a less reliable site.  As expected between that Levy rod and visual methods, the 
mean bias is positive as visual sampling generally underestimates curing, although the standard 
deviation is large.  The mean of all site difference means was 9.50 for “Levy rod – Visual”, 7.48 for 
“Destructive – Visual”, and -2.59 for “Destructive – Levy rod”.  The negative bias between destructive 
sampling and the Levy rod technique simply indicated the Levy rod estimates are generally higher 
than destructive.  Overall, variation was evident between the three methods.  This was more so at some 
field sites than other sites.  On average (across most sites); however, the methods did not differ greatly 
from each other.       
 
In addition to investigating the difference between techniques, the three methods were also correlated 
with each other, as shown in Figure 3.11.      
 
 
Figure 3.11 Curing methods plotted against each other at Mt Hart (Sandstone) (Kimberley, 
WA), Tidbinbilla (ACT) and Godley Head (NZ). 
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Stronger correlations were found between the Levy rod and visual methods.  However, the value of r 
does not necessarily refer to closeness of the values.  At Tidbinbilla, the data fall relatively close to the 
one-to-one line; however, at the other two sites, the visual estimates are increasing more rapidly than 
the Levy rod values. 
 
In Figure 3.12, the curing samples taken from sites within the same region have been combined to 
provide a more extensive collection of results than if presenting the sites individually.  Firstly, out of 
the visual and Levy rod estimates, the visual observations have a stronger correlation with destructive 
sampling in Northern WA, Victoria and New Zealand.  However, in the ACT/NSW region; Levy rod 
curing has a stronger correlation with destructive.  As a result, despite much of the literature which 
criticises visual sampling, this technique will not be discarded from this research, due to the high 
performance at many of the field sites, possibly owing to the experience of field observers. 
 
 
Figure 3.12 Destructive curing against Levy rod and visual curing in Northern WA (Parry 
Lagoons, Silent Grove [Sandstone], Silent Grove [Blacksoil], Mt Hart [Sandstone], Lorna Glen), 
Victoria (Caldermeade, Kaduna), New Zealand (Burnham, Godley Head, Lake Lyndon), and 
ACT/NSW (Tidbinbilla, Braidwood, Majura). 
 
Regardless of which method is used, between different grass types and species, there is great 
variability in the rate of curing.  In Figure 3.13, the rate of curing (per day) was estimated at each site.  
This was performed by determining the difference between maximum and minimum (Levy rod) curing 
values in a time frame of when curing was increasing at a steady pace, and the difference was then 
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divided by the number of days it took to reach maximum curing.  As the curing rate is expected to 
vary between curing seasons, a mean rate was calculated for sites that include samples from more than 
one season.  For sites such as Ryans Farm, however, the estimated rate of curing would have varied if 
sampled in 2007 and 2008 (as well as 2006).  Therefore, Figure 3.13 has been presented to give a 
„rough‟ idea of how the nature of curing varies between sites.  In northern WA, for example, grasses 
have a slower curing process than grasslands found in Ballan, Darnum, Caldermeade, East Taratahi 
and Stratford.  A plausible reason for this is that perennial grasslands, found in the northern WA sites, 
are generally recognised to have a slower curing rate than annual grasslands (Cheney and Sullivan, 
2008), which are common in East Taratahi and Stratford, and sites of Victoria.  These sites comprised 
of improved pastures, however, generally include both annual and perennial grasses.  This indicates 
that within sites such as Simcocks, Tidbinbilla and Lake Lyndon, grasses are likely to cure at different 
rates. Similarly, sites which constitute a mixture of rye grasses and clovers, such as Mt Biggs, East 
Taratahi, Godley Head, Ballan, Darnum and Tooradin, will also experience different curing rates 
within the site, as rye grasses and fog grasses tend to cure faster than clovers (Mouazen et al., 2007).  
 
 
Figure 3.13 Rate of curing.  The number of days between the minimum and maximum (Levy 
rod) curing value was calculated to estimate the change in curing for one day.  A mean rate was 
calculated for sites with more than one curing season. 
 
3.4.3.3 Fuel Moisture Content and Curing  
 
The FMC was also estimated at half of the field sites to investigate the relationship between curing 
and the moisture content of grass.  According to Barber (1990), FMC has an exponential relationship 
with grassland curing (Figure 2.3).  The relationship between curing and FMC not only differs 
between methods of curing assessment but also differs between sites.  Thus, this relationship is 
displayed for each site using all three methods: visual observations, destructive sampling and Levy rod 
sampling.  The Pearson r is the most widely used type of correlation coefficient (StatSoft, 2008) and 
has been used throughout past research on spectral properties of soil and vegetation (Asner et al., 
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1998; Odlare et al., 2005; Piao et al., 2006; Serrano et al., 2000; Yebra et al., 2008) and will, 
therefore, be used in the later chapters.  The Pearson r is defined as: 
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and where S represents the standard deviation and n represents the number of paired samples.  By 
using this correlation, the degree to which two variables are linearly related with each other can be 
determined.  As shown in Figure 3.14, curing has a negative relationship with FMC across all sites; 
however, this correlation varies between curing methods and between field sites.  At just three sites; 
Caldermeade, Silent Grove (Sandstone) and Mt Hart (Sandstone), the visual estimates of curing were 
found to have stronger correlations with FMC than the other two methods (refer to Appendix 9.3).  As 
for the destructive curing estimates, this method correlated more closely with FMC than visual and 
Levy rod at another three sites; Braidwood, Silent Grove [Blacksoil] and Burnham.  The remaining 
eight field sites, on the other hand illustrate that the strongest correlations are found between FMC and 
Levy rod curing.  FMC was found to have the most significant influence on Levy rod curing (where p 
< 0.0001) at Braidwood, Majura, Tidbinbilla and Godley Head (where Pearson r = -0.7808, -0.8807, -
0.9443 and -0.8327 respectively), although Godley Head consisted of a smaller curing range (66 to 
98%).  Other sites also demonstrated strong correlations including Parry Lagoons (r = -0.8702, p = 
0.0001), Caldermeade (r = -0.8064, p = 0.0027) and Burnham (r = -0.7708, p = 0.0002), however, 
these correlations, particularly at Caldermeade, were not statistically significant.  The results obtained 
from Braidwood, Majura, Godley Head, Lake Lyndon, Parry Lagoons, Tidbinbilla, Caldermeade and 
Mt Hart (Sandstone) displayed a relationship similar to Barber (1990), which was previously shown in 
Figure 2.3, and has also been plotted in Figure 3.14, with Levy rod samples from all field sites.  These 
relationships all illustrate a negative relationship between curing and FMC. 
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Figure 3.14 Grassland curing (three methods) plotted against FMC for fourteen field sites.  In 
the lower right-hand plot, the red points represent Levy rod samples from all fourteen sites, and 
the solid black line represents the Barber (1990) FMC-GCI relationship. 
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3.5 LABORATORY SPECTROSCOPY AND CURING 
 
3.5.1 Introduction 
  
Prior to comparing curing measurements with satellite data, curing was compared with in situ spectral 
measurements.  This was to explore how the reflectance spectra of grass respond to moisture content 
and curing.  Firstly, a laboratory-based experiment was conducted from October 19
th
 to November 23
rd
 
2007, in which curing measurements were taken using the Levy rod technique and spectral 
measurements were taken using an ASD spectroradiometer.  Information provided from this 
experiment will identify the spectral features of grass as it loses moisture in a controlled environment. 
 
3.5.2 Methods 
 
The laboratory-based experiment entailed twenty plots of Kikuyu grass (Pennisetum clandestinum) to 
be distributed in ten trays (each tray divided into two plots).  These grass plots were monitored three 
times a week for five weeks for curing sampling and spectral measurements from October 19
th
 to 
November 23
rd
 2007.  Three days a week, reflectance spectra were measured using the ASD 
Spectroradiometer, with twenty reflectance measurements taken at each plot, to account for variability.  
To represent sunlight, a halogen lamp was directed over the grass plots, and white reference 
measurements were taken between plots using a Spectralon® white reference panel (held 15 cm below 
the ASD lens).  On the same days, curing was estimated using the Levy rod technique, in which ten 
samples were made at each plot.  From October 19
th
 to November 1
st
, all plots were watered twice a 
week (always after the spectral measurements were taken to avoid measurements of excess water).  
From November 5
th
 to the 23
rd
, however, only ten of these plots were watered, leaving the remainder 
ten to cure.  With measurements taken at nadir (Figure 3.15), the spectroradiometer 8° lens was 
mounted on a tripod 100 cm from the surface.   
 
 
Figure 3.15 A schematic diagram of a Spectroradiometer lens placed at the nadir direction, and 
the geometry of the field of view.  Modified from McCoy (2005 p.49). 
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The aperture angle of the lens used was 8°, and given the equation (3. 6); 
 
tandr   (McCoy, 2005).         
   
3. 6 
 
The resulting circular field of view has a 28.1 cm diameter (14.05 cm radius) (Figure 3.15). 
 
3.5.3 Results and Discussion 
 
3.5.3.1 Levy rod Curing  
 
Using the Levy rod technique, all grass plots exhibited an increase in curing from October 19
th
 to 
November 23
rd
.  From November 2
nd
, these estimates demonstrated a gradual variation between plots 
under different water treatments as shown in Figure 3.16.  The grasses which were watered three times 
a week throughout the whole five-week period (green-shaded points), cured very slowly, and reached 
a curing maximum on the 23
rd
 of November of 88% in plot 3B.  At this stage the four plots which 
received no water for the last three weeks had cured to 100%.  Even though these curing samples 
contribute to a control to validate the field measurements, the laboratory-based curing time-series have 
not been compared with the time-series from the field sites, shown previously in Figure 3.8.  The main 
reason for this is not only because the laboratory grown grasses were controlled to cure over a 
relatively short period of time, but the main objective of these measurements is to correlate with the 
spectral measurements. 
 
 
Figure 3.16 Curing time-series of laboratory-grown grass plots from October 19
th
 to November 
23
rd
, 2007.  All plots received same water treatment until November 1
st
.  This water treatment 
continued for plots 1, 2, 3, 9, 10 (shaded green), and discontinued for plots 4, 5, 6, 7, 8 (shaded 
yellow). 
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3.5.3.2 Spectroscopy 
 
To identify how the spectral reflectance of the grass responds to curing, spectral signatures were 
investigated from each of the twenty plots.  For example, reflectance spectra were sampled at Plot 4a 
on sixteen separate days.  A spectrum from each day comprises of an average of twenty samples (in 
which each sample is computed as an average out of twenty by the ASD – a spectrum average).  High 
variation was found in the reflectance magnitude between days and between plots.  This variation was 
most likely caused by human error.  Firstly, the distance between the halogen lamp and the spectralon 
panel (held 15 cm below the ASD lens) may have slightly varied between plots and between sampling 
days.  Secondly, the height of the halogen lamp (from the grass) was 200 cm.  Therefore, any small 
change in height of the lamp, and the height of the grass as it grew, may also affect the spectral results. 
Although the spectralon panel always dominated the field of view of the ASD, the slight height 
variation may have caused small differences in calibration.  Even though this error has affected the 
intensity of reflectance, the change in shape of the spectra can still be observed at different stages of 
curing.  Each reflectance spectrum at Plot 4A and at each of the other nineteen plots has been labeled 
with the curing percentage that was measured on that particular day.  The spectral signatures for all 
twenty plots have been presented in Appendix 9.3.2.1.  The spectra were coloured accordingly with 
those curing values as shown in Figure 3.17.   
  
 
Figure 3.17 ASD reflectance spectra for Plot 4A.  Each spectrum represents the reflectance value 
from a day of known curing value. 
 
As expected, once the grass begins to cure, its reflectance tends to increase in the visible and MIR due 
to less chlorophyll and water absorption respectively.  Referring to Figure 2.8, the NIR is expected to 
decrease with curing owing to changes in cell structure (Knipling, 1970).  However, similar to 
research completed by Gao (1996) whereby spectral measurements were taken of individual redwood 
leaves, Figure 3.17 demonstrated a similar increase in reflectance between 1100 and 1300 nm.  This is 
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suggested to be owing to a drop in cellulose absorption in this spectral region, although, the grass 
spectra in Figure 3.17 are not of individual leaves, but of a whole scene of grass and soil.  In addition, 
across the whole NIR plateau (between 700 and 1300 nm), the reflectance initially decreases with 
curing and then increases.  On the contrary, Knipling (1970) found that initial stages of senescence 
result in a NIR increase (owing to increased internal leaf scattering), followed by a decrease, not the 
other way around.  This past study was also based on spectra of individual leaves.  The whole scene 
for this current experiment, which includes grass and soil in the background, includes scattering 
between the grass leaves.  The response in the NIR plateau area may be due to multiple scattering of 
radiation through the grass leaves to the soil, the radiation may then return back to the grass leaves.  
This could be the cause of the unexplained behaviour of the NIR plateau, as the transmittance and 
scattering are likely to change as the grasses cure.   
 
3.6 FIELD SPECTROSCOPY AND CURING 
 
3.6.1 Introduction 
 
Field spectroscopy measures the interactions of radiant energy with in situ objects in the environment 
(McCoy, 2005) and observes the spectral differences among various surfaces.  Not only do these 
measurements explore the spectral behaviour of grasslands while curing, they also validate MODIS 
satellite data.  After similar methods of Bartholomeus et al. (2007), Kindel et al. (2001) and Pu et al. 
(2003) (just to name a few), field spectroscopy was conducted at two Victorian sites (Caldermeade and 
Kaduna) over one curing season.  While measuring the spectra of these grasslands, curing was also 
sampled using the three in situ methods, described earlier (§ 3.4.2).  Combined with the laboratory-
based experiment, the spectroscopy was conducted to study the evolution of the complete reflectance 
spectrum as curing progressed, without the restriction of a limited number of satellite bands.  This was 
to gain a more complete understanding of the spectral response to curing in terms of plant physiology. 
In addition, the spectroscopy gives confirmation, albeit at only two sites, that the methods for site 
selection and field sampling produce field data that is representative at the MODIS pixel scale.  
 
3.6.2 Methods 
 
To identify which regions of the visible to MIR spectrum best correlate with field data collected for 
curing assessment, field spectroscopy was utilised at Caldermeade and Kaduna from November 17
th
 
2007 to February 18
th
 2008.  Firstly, curing was measured once a week using all three methods; visual, 
destructive and Levy rod sampling.  On each day of sampling, where a visual estimate was made, the 
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Levy rod technique was utilised at every metre along a 20 metre transect, on the opposite side of the 
measuring tape to where the sampler was walking, to avoid sampling over any trampled grass.  This 
process was repeated along a second transect located perpendicular to the original.  Within the right-
angle of the two transects, five 0.25 m
2
 samples of grass were collected from random points to 
estimate destructive curing and FMC (as shown previously in Plate 3.6, section 3.4.2.3).  Secondly, on 
each day of curing sampling, the change in spectral reflectance was measured as curing progressed.  
Similar to the laboratory experiment, the spectroradiometer 8° lens was mounted on a tripod 108 cm 
from the surface, and the measurements were again taken at the nadir direction, resulting in a circular 
field of view of 30.4 cm diameter (refer to Equation 3. 6).  To account for variability across the site, 
spectral measurements were collected every 2 metres along both 20 metre transects, and at every 2 
metre interval, a minimum of fifteen spectral readings were taken.  To calibrate for changing light 
conditions, a white reference Spectralon panel was used, and held 15 cm below the 8° lens, the 
frequency of use was dependent on weather conditions.   
 
The ASD data were not only used to obtain spectral signatures of the grass at various stages of curing, 
but also to simulate the first seven MODIS bands (refer to Table 2.6).  To do this, each ASD spectrum 
was multiplied by the relative spectral response curve (Jupp, 2003) for each of the seven MOD09 
bands and summed to give seven simulated MODIS reflectance values.   
 
3.6.3 Results and Discussion 
 
3.6.3.1 Spectral Signatures 
 
This section presents results published in Martin et al. (2009b) (cited at the beginning of this chapter).  
These findings are based on data collected in the Caldermeade and Kaduna sites, from November 17
th
 
2007 to February 18
th
 2008.  As described previously in the methods, curing, FMC and spectral 
measurements were taken once a week to monitor the grasslands at different stages of curing.  For 
each day of sampling, reflectance spectra were measured along an L shaped transect (20 m * 20 m), in 
which the spectral variation (along the transect) was found to be quite high.  At every second metre, 
fifteen to twenty spectral samples were taken (each sample is an average of 20 spectra calculated by 
the ASD).  Owing to the water absorption bands (Table 2.10) at 1400/1450 nm and at 1940/1950 nm, 
wavelengths from 1370 to 1425 nm, and 1800 to 1960 nm were removed to avoid atmospheric 
scattering.  Figure 3.18a demonstrates spectra taken at Caldermeade on the 30
th
 of November 2007 at 
the last point of the transect (at 20 m).   
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Figure 3.18 ASD Reflectance Spectra taken at Caldermeade (30/11/07) at the 20
th
 point along the 
20 * 20 m transect.  A total of 18 spectra were obtained, in which each spectrum represents an 
average of 20 samples calculated by the ASD.  Spectral noise at ~1390 and ~1850 nm is due to 
atmospheric scattering. 
 
No data have been removed at this point, resulting in much atmospheric scattering.  To avoid this 
noise, wavelengths were removed from each spectrum between the appropriate wavelengths as shown 
in Figure 3.18b.  These wavelengths were removed for all spectra taken along the transect.  Following 
the removal of atmospheric noise, twenty sets of spectra from the transect (each spectrum representing 
an average of fifteen to twenty samples) were averaged to obtain one mean spectrum for each day of 
sampling.  Figure 3.19 presents twenty spectra at Caldermeade from each point along the transect on 
the 30
th
 of November 2007.   
 
 
Figure 3.19 Mean reflectance spectra at Caldermeade 30
th
 November 2007.  Each plot represents 
the average spectrum (of fifteen to twenty spectra) at each metre on the transect.  The solid 
black line represents the mean of all twenty spectra along the transect with the standard 
deviation marked as the red dashed line. 
 
With the mean of these spectra shaded as a black solid line, the standard deviation (red dashed line) 
shows that there is little variation between the spectra, particularly in the visible spectrum.  This is 
expected as the higher variation in the NIR is mainly due to differences in cell structure and canopy 
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architecture as well as internal leaf scattering and exposure to soil background.  As described in 
section 2.4.3, the visible reflectance is mainly controlled by pigment content which does not vary 
greatly between samples (Gitelson et al., 2002a; Knipling, 1970).   
 
As curing was measured simultaneously with the spectral measurements, the mean transect spectra 
have been labelled as the Levy rod curing values (same as for the Laboratory spectra).  In Figure 3.20, 
the twenty samples along the transect were averaged to obtain a mean spectrum from each day of 
sampling.  These two plots represent the spectra across the curing season of summer 2007 - 2008 at 
Caldermeade and at Kaduna.  As described in section 2.4.3 and shown in Figure 3.20, vegetation 
spectra generally comprise of a low reflectance in the visible and MIR and high reflectance in the NIR.  
The low reflectance in the visible is due to leaf pigments, and as leaves grow, chlorophyll 
concentrations increase (Gates and Tantraporn, 1952), creating high absorption in the red and blue 
wavelengths (where MODIS bands 1 and 3 lie respectively).  As leaves cure, chlorophyll levels 
decline (Gausman, 1977; Knipling, 1970), and the lack of moisture results in a rise in NIR reflectance 
(Danson and Bowyer, 2004; Davidson et al., 2005; Sims and Gamon, 2003).  As well as two water 
absorption bands at 970 and 1200 nm, the major water absorption trough is found at 1450 nm.  This 
trough is evident at both sites.  At 2100 nm, on the other hand, a much smaller trough is evident when 
grasses have cured.  This trough is caused by the absorption of cellulose, and as described in section 
2.4.4.4, this absorption feature is only found in dry vegetation (Guerschman et al., 2009). 
 
Even though both sites received similar amounts of rainfall during the study period (located 20 km 
apart), and also consist of the same grass type, Caldermeade reached a higher degree of curing than 
Kaduna.  Resembling past studies of vegetation water content, Figure 3.20 indicates that as grasses 
cure, the reflectance tends to increase in the visible, decrease in the NIR, and increase in the MIR.   
 
 
Figure 3.20 Spectra generated from an ASD Spectroradiometer at Caldermeade (30-11-07 to 22-
01-08) and Kaduna (28-12-07 to 19-02-08).  Each plot represents the spectrum from a day of 
known (Levy rod) curing value.  Areas with gross atmospheric scattering have been removed, 
resulting in a gap between 1370 and 1425 nm, and between 1800 and 1960 nm. 
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Similarly, a study in central Spain compared the reflectance spectra of Mediterranean shrublands with 
different FMC values.  Yebra et al. (2008) found a lower FMC to result in a (surprisingly) lower 
reflectance in the visible and in the NIR, and higher reflectance in the MIR.  This was observed in 
Figure 3.21 (the same spectra shown in Figure 3.20 but combined with FMC values) demonstrating 
that the spectra of drier grasses (lower FMC) are lower and higher in the NIR and MIR respectively, 
particularly at Caldermeade. 
 
 
Figure 3.21 Spectra generated from the ASD Spectroradiometer at Caldermeade (30-11-07 to 
22-01-08) and Kaduna (28-12-07 to 19-02-08).  Each plot represents the spectrum from a day of 
known FMC value.  Note: there were more two more curing samples than FMC, resulting in two 
less FMC spectral signatures at each site. 
 
3.6.3.2 Spectral sensitivity to Curing and Fuel Moisture Content 
 
To assess the spectral sensitivity to Levy rod assessed curing, the ASD spectra were correlated with 
curing at individual wavelengths from 350 to 2450 nm.  Figure 3.22 plots the Pearson r coefficient at 
each measured wavelength, with the wavelength regions of significant correlations (p < 0.05) shaded.  
The plots have gaps where data was removed at wavelength ranges affected by noise inherent in the 
spectrometer design or the atmosphere.  In the visible spectrum and at MODIS band 6, both sites 
exhibit strong and significant correlations with curing.  This is not surprising as bands 1 and 3 are 
most sensitive to chlorophyll content, and band 6 is sensitive to vegetation water content (§ 2.4.3).  
Band 7 is also sensitive to vegetation water content, yet this band only has a strong correlation at 
Kaduna.  At both sites, the Pearson r demonstrates a strong and significant inverse correlation with 
curing through most of the NIR (sensitive to structure breakdown), but this correlation weakens near 
MODIS band 5.  The band 5 region is expected to be controlled by several factors: the leaf internal 
structure (like band 2), moisture content (like band 6 and 7), and the effects of soil background and 
multiple scattering of light from several layers of vegetation owing to the high leaf reflectance and 
transmittance.  While this NIR response agrees with the reflectance spectra shown previously in 
Figure 3.20, the reasons for this spectral behaviour remain uncertain.  A possible explanation could be 
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a combination of spectral responses from bare soil exposure, and scattering between grass leaves, 
particularly between leaves of cured grass and leaves of secondary growth.  As observed in the 
laboratory experiment, the complexity of the band 5 response is likely to make it difficult to use (by 
itself) for curing assessment. 
 
 
Figure 3.22 Correlograms for each (pairwise) correlation between Levy rod curing and ASD 
reflectance spectra at each nanometer from 350 to 2500 nm. 
 
 
3.7 SUMMARY 
 
3.7.1 Summary of Sites 
 
With ten sites in New Zealand and nineteen in Australia, the distribution of these sites has resulted in 
some regions, such as Victoria, with a cluster of sites, and other regions, such as Tasmania, South 
Australia and Northern Territory, with no field sites at all.  Very few sites are located in Central 
Australia; however, very few fires occur in this part of the continent.  Sites in New Zealand, on the 
other hand, are distributed more evenly across the country.  Even though the fires in New Zealand are 
not as severe as in Australia, they do have a significant impact on vegetation.  In order to account for 
the uneven distribution of sites, it was vital to explore the differing soil and grass types as well as 
differing climate and topography that these sites are located within.  Followed by grouping the sites 
according to climate or grass type, this encouraged the investigation of the homogeneity (spatial 
variation) of each site.  Sites such as Braidwood, Caldermeade and Lorna Glen were listed as 
homogeneous, while sites such as Simcocks, Kilcunda and Ryans Farm are classified as 
heterogeneous, and some of the satellite sampling locations of these sites were relocated or modified 
to improve the quality of data collected by satellite.  The sites were relocated relative to where the 
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field sampling took place.  This relocation resulted in a shift of 500 m or in some cases 1 km.  In sites 
such as Majura, Lakefield and Silent Grove [Blacksoil], this reduced the variation of the 1.5 * 1.5 km 
area.  However, the probable ±153 m shift of satellite overpass (Strahler et al., 1999) may still result in 
the collection of mixed pixels.  Therefore, to avoid these potential error sources, the sites were 
captured using a single MODIS pixel (Chapters 4 and 5).   
 
3.7.2 Curing and Fuel Moisture Content 
 
Rather than using just one method to estimate curing, the use of three methods provided a rich 
collection of data.  Destructive sampling was achieved in order to assess the other two methods, it was 
also used to estimate FMC.  Similar to Barber‟s (1990) GCI - FMC relationship, curing was shown to 
decline with FMC at all fourteen sites (where FMC was measured).  This relationship, however, was 
not well-defined at sites such as Simcocks and Lorna Glen, nonetheless, there was little variation (in 
curing and FMC) at Lorna Glen.  In contrast with past research, the visual and destructive estimates 
exhibited stronger correlations with each other than the visual and Levy rod estimates.  Even though 
the visual estimates tend to be lower than the Levy rod samples, and the visual estimates are reported 
to exhibit the least accurate results (Anderson et al., 2005), both techniques were considered to present 
valid results for this research.  Visual sampling, has also been proven to correlate strongly with FMC 
at some sites (Caldermeade, Mt Hart (Sandstone), Parry Lagoons and Tidbinbilla).  The main factors 
which discourage the use of the visual observations are: the inaccuracy reported throughout the 
literature, and the subjectivity, which varies between individuals making the estimate with the use of a 
photo guide.  The Levy rod technique is a robust method which is less likely to be affected by human 
error.  Anderson et al., (2005) reported this method (the “All Touches” variant) as the most accurate, 
and has therefore been used as the primary measure of curing for the remainder of this research.   
 
3.7.3 Spectroscopy 
 
The in situ observations for all field sites included the measurements of curing and FMC.  At 
Caldermeade and Kaduna, these observations were complemented by in situ spectral measurements.  
The field spectroscopy at these sites gave an insight to the spectral behaviour of grasslands with curing 
at nanometer spectral resolution (from 350 to 2500 nm) by simulating the MODIS bands.  It is 
important to note, however, that the field spectroscopy was conducted at just these two sites, which 
both consist of rye grass embedded in loamy soils, located in a temperate climate.  The reflectance 
spectra would be expected to vary at other sites of differing grass and soil types, in different climate 
zones across Australia and New Zealand.  Therefore, these spectral signatures are simply a guide, 
which followed the laboratory-based experiment acting as an alternative.  The lab spectra provided 
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valuable information in a controlled environment, and with no atmospheric noise, no spectral regions 
were excluded.  It was found in this experiment that as the grasses cure, the reflectance spectra tend to 
increase in the visible and MIR, while in the NIR, the spectral behaviour did not show consistent 
behaviour and was not clearly understood.  From 700 to 1100 nm, the spectra had decreased and 
increased as the grass cured.  Between 1100 and 1300 nm, however, the spectra generally behaved 
similarly for some grass plots but for other plots, the reflectance increased, then declined.  The field 
measurements illustrate similar spectral behaviour indicating the NIR to appear sensitive to a number 
of factors, in addition to water and chlorophyll content.  The spectral response in this part of the 
spectrum could be due to cellulose, soil background, scattering between cell walls and between leaf 
canopies of cured grass and of secondary growth.  Two MODIS bands (2 and 5) lie within this spectral 
region.  This marks interest in finding how these bands correlate with curing and FMC.  This will be 
explored later in Chapter 5.    
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4 SATELLITE OBSERVATIONS 
 
Martin, D., Grant, I.F., Jones, S.D. and Anderson, S. (2009a) “Development of satellite 
vegetation indices to assess grassland curing across Australia and New Zealand”, in 
S.D. Jones and K.J. Reinke (Editors), Innovations in Remote Sensing and 
Photogrammetry (Lecture notes in Geoinformation and Cartography) 1
st
 Edition, 
Springer, Berlin Heidelberg (ISBN: 978-3-540-88265-7), pp. 211-227. 
 
This chapter investigates MODIS satellite measurements taken over each Australian field site using 
the first seven bands, and vegetation indices derived from those bands.  Satellite measurements of the 
New Zealand sites have not been presented in this thesis, owing to the high contamination of non-
grassland surfaces such as tree cover and bodies of water.  Firstly, these data are explored to 
understand the relationships between bands and indices.  These relationships are then explored more 
thoroughly to identify any similarities within groups of sites.  In order to further investigate factors 
including grassland type and climate (Research Question 3), the field sites are grouped with other sites 
showing similar temporal behaviour.  Overall, these findings advise which bands and indices are of 
most significance in monitoring specific grasslands.  They are then compared with in situ 
measurements in Chapter 5.  The purpose of first investigating these spectral data without in situ data 
is to explore the spectral characteristics of all bands and vegetation indices (in response to Research 
Question 2).  The main objective here is to find which bands and indices are most sensitive to the 
changes in reflectance associated with the intensity of grazing, and grassland phenology, particularly 
throughout the critical curing periods.   
 
4.1 INTRODUCTION 
 
To analyse MODIS spectral data over each field site, NDVI will firstly be compared between two 
MODIS products; MOD09A1 and MOD13A1.  This comparison will identify MOD09 to be the most 
appropriate product of use for this study.  Thus, all results to follow in this chapter are derived from 
MOD09 from the single pixel, representing each field site.  After calculating site homogeneity in 
section 3.3, the data could have been extracted from the 3 * 3 pixel window.  However, this size 
window was not suitable for less uniform sites such as Simcocks, Ryans Farm and Godley Head (§ 
3.3.3.3).  For consistency across all sites and to minimise data contamination (from clouds), the 
MOD09 data were obtained from the central pixel for each site, after relocation of the 3 * 3 grid if 
necessary.  Using the single pixel, the satellite data are divided into groups according to grass type (§ 
3.2.3) and geographical region.  The sites were divided into the following grass types, which also 
associate with geographical regions: improved pastures (New Zealand, Victoria and southern WA), 
mixed grasslands (NSW and ACT), native grasses (northern Australia), and hummock grasslands 
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(central WA).  Although hummock (Spinifex) grasslands are native too, this grass type was mainly 
found at Lorna Glen, and also at Silent Grove (Sandstone) but not as a dominant grass type.  Lorna 
Glen was found to have a unique character in reference to its nature of curing, and spectral behaviour 
over time.  Therefore, this site was placed in its own (grass type) group.  Prior to the categorical 
comparison, however, the primary objective of this chapter is to analyse the spectral bands using the 
factor analysis and observing correlation matrices for each site.  The bands, which differentiate from 
one another, may possibly perform well when combined as a vegetation index.  Preliminary results 
identified that some bands only perform well when combined with another particular band, usually a 
band with contrasting spectral information.  Next, indices from past studies have been selected 
alongside a number of new indices created specifically for this study by using the spectral bands, 
highlighted as most significant.  Therefore, an extensive list of vegetation indices has been short-listed 
and some new combinations included.  The performance of each MOD09 band and vegetation index 
will be summarised at the end of this chapter.         
   
4.2 METHODS 
 
4.2.1 Imagery Collection 
 
MODIS satellite observations are distributed by NASA with a number of different science teams 
developing various land products.  Using a sinusoidal grid tiling system, the entire Earth surface is 
captured every one to two days, with a viewing swath of ~2330 km (NASA, 2008).  Tiles are 10 * 10 
degrees at the equator, and are labelled according to their horizontal and vertical grid numbers.  To 
view the sinusoidal grid of the world, for instance, the tiles start from „h0v0‟ (horizontal number and 
vertical number) at the top left-hand corner of the grid, and proceed right (horizontal) and downwards 
(vertical) to reach the bottom right-hand corner, labelled „h35v17‟.  With Australia and New Zealand 
located near the bottom right-hand corner of the (WorldWeatherDisc) grid, Figure 4.1 illustrates the 
tiles covering this region of the Earth.  The tiles covering all field sites in Australia and New Zealand 
are listed in Table 4.1. 
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Figure 4.1 MODIS Sinusoidal Grid over Australia and New Zealand.  Each tile is numbered 
horizontally „h‟ and vertically „v‟. 
 
Table 4.1 MODIS tiles covering thirty-two sites in Australia and New Zealand 
Region Tile Sites 
ACT/NSW h30v12 Braidwood, Brooklyn, Colinton, Durran Durra, Majura, Tidbinbilla 
VIC h29v12 Ballan, Caldermeade, Darnum, Kaduna, Kilcunda, Tooradin 
QLD h31v10 Jerona, Lakefield, Ryans Farm 
WA 
 
h27v12 Simcocks 
h28v11 Lorna Glen 
h29v10 Mt Hart (Sandstone), Silent Grove (Blacksoil), Silent Grove (Sandstone) 
h30v10 Parry Lagoons 
NZ h29v13 Garston 
h31v13 East Taratahi, Mt Biggs 
h30v13 Acheron, Burnham, Darfield, Godley Head, Lake Lyndon, Molesworth 
h31v12 Stratford, Wanganui 
 
These MOD09 data (from Collection 5) were initially obtained from the land processes distributed 
active archive center (LPDAAC, 2008) website (http://lpdaac.usgs.gov/).  Like all EOS data products, 
these MOD09 images were found in hierarchical data format, which were then reprojected from the 
sinusoidal projection to the geographic latitude / longitude projection, using the WGS-84 (World 
Geodetic System 1984) datum.  With each MOD09A1 image composited every eight days, a time-
series was collated from January 2005 to October 2008.  This time frame provided MODIS coverage 
for at least three full curing seasons in both northern and southern Australia.   
 
Firstly, MOD13 data were collected (from LPDAAC (2008)) from June 2005 to June 2006, which 
provided spectral information from the first four MODIS bands and the two vegetation indices; NDVI 
and EVI.  As NDVI is the first index investigated in this study, comparisons will be made between 
MOD09-derived NDVI and MOD13 NDVI.  This is carried out by obtaining a time-series of the 
h30v12 tile, capturing the Majura site with a 3 * 3 pixel window.  This size window will only be used 
for this MODIS product comparison.  As for the better part of this study, all MODIS reflectance data 
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are generated from MOD09 from a single pixel.  For example, the Caldermeade site is located in the 
centre of the single MODIS pixel as shown in Figure 4.2, which presents a reprojected scene of the 
h29v12 tile, covering Victoria, southern NSW, southern SA, and the southeastern corner of WA.  For 
the reprojection and analysis of this scene and other MODIS images, ENVI 4.2 / IDL (RSI Inc.) 
software was used.     
 
 
Figure 4.2 A MOD09A1 image of tile h29v12, over Victoria, capturing the Caldermeade site 
(southeast of Melbourne). 
 
4.2.2 Data Processing 
 
The main issue with the MOD09 dataset was the size and time consumed in downloading all images.  
For instance, eleven tiles were required to cover all field sites (Table 4.1), and for each tile, 175 
images were required to cover a period of three years (for every 8-day composite).  The time-series of 
all eleven tiles consisted of 1925 images, which were then reprojected (using IDL (RSI Inc.) software) 
to total 3850 images.  Fortunately, CSIRO – Marine and Atmospheric Research, had obtained all 
available tiles covering Australia and New Zealand from January 2000 to October 2008.  All tiles were 
mosaiced and remapped into the same geographic latitude / longitude projection (Paget and King, 
2008).  To acquire the time-series from 2005 to 2008, the 8-day composites were collected.  The time-
series were extracted and filtered by Ian Grant (Bureau of Meteorology).  This filtering process was 
developed by Glenn Newnham (CSIRO).  These data were extracted from subset images of 100 * 100 
pixels (50 * 50 km) covering each field site.  After extracting these subsets, bands 1 and 2 were used 
111 
 
to compute NDVI time-series for each site.  Using these NDVI time-series, the data were filtered 
according to the performance of NDVI values.  For each datum to remain in the data set, the data had 
to meet certain criteria.  Firstly, the NDVI values must be greater than zero, and secondly, the view 
zenith angle must be less than 60°.  For each site, quality control and state flags were assessed, which 
were associated with cloud cover and cloud shadow.  Any anomalies which did not show any of these 
quality control or state flags, were removed using a technique similar to the best index slope extraction 
(BISE) approach (Lovell and Graetz, 2001).  This approach rejects a datum for an NDVI change > 
0.15 before and after an 8-day interval.  After these „filtered‟ time-series were delivered by Ian Grant, 
all images were manually inspected (one by one) to find any possible cloud not picked up by the 
filtering process.  These additional data points were then removed and were named the „black list‟.  As 
shown in Figure 4.3, the NDVI time-series have been marked with red joining dots in the top half of 
each plot for Caldermeade (in Victoria) and Jerona (in Queensland). 
 
   
 
Figure 4.3 NDVI time-series showing points removed after filtering MOD09 data at a) 
Caldermeade (Victoria) and b) Jerona (QLD). 
     
As shown in these two plots, many data points have been removed to provide a „cleaner‟ NDVI time-
series.  Throughout the time-series, gaps from the rejection during the MOD09 production were 
already observed in the data before any filtering began (and are marked with green „plus‟ signs).  Once 
the filtering began, NDVI values were removed on the basis of the state flags (marked with green 
circles, without black crosses).  The state flags are plotted in Figure 4.3 as time-series for cloud 
shadow (marked as a red line with peaks on days of shadow), for cloud cover (marked with a green 
line and peaks on days of cloud), and for both cloud and cloud shadow (blue line).  In addition to these 
state flags, values with a view zenith angle ranging between 40 and 60° were highlighted, but not 
removed (marked with the lower green line, with red dots for values greater than 50°).  The purpose of 
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marking this range of the view zenith angle was to find whether they signalled any further NDVI 
anomalies.  Angles within this range, however, were shown to have a minimal influence on the NDVI 
values, and so no further filtering (for this factor) was required.  Finally, the last points removed (after 
filtering) were included in the „black list‟ (marked with large black diagonal crosses), and were mainly 
excluded because of minor cloud contamination.  As shown in Figure 4.4, this filtering process had 
resulted in a cleaner NDVI time-series, with much improvement for Jerona.  This process was 
repeated for all field sites to improve the quality of the satellite data.  Similar to Jerona, from northern 
Australia, most data are rejected in summer owing to persistent cloud cover during the monsoon.  
While many data are excluded from these tropical sites, it does not impact the comparisons with 
curing as in situ measurements are generally carried out during autumn and winter (the dry season).  
At some sites, some data points are excluded during the curing season.  This has resulted in the 
exclusion of a few in situ measurements that match to those satellite data.  In this case, the results (for 
the next chapter) are affected by this filtering process, however, the removal of these anomalies not 
only provides a „smoother‟ time-series, but ensures that the results presented in this chapter are 
accurate and reliable to compare with field data in the following chapter.  
 
 
Figure 4.4 NDVI time-series before filtering (grey circles) and after filtering (red crosses) for a) 
Caldermeade and b) Jerona. 
  
4.2.3 Data Protocols 
 
As a result of the filtering process of these data (§ 4.2.2), each field site‟s time-series of the seven 
spectral bands (and hence, vegetation indices) are left with gaps.  This section describes the approach 
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to handling these gaps.  At Caldermeade, for instance, the MODIS data extracted from August 5
th
 
2006 were excluded (Figure 4.4).  That is, the reflectance values of all seven bands were excluded, not 
just the values of one or two bands.  This was the case for all filtered data, whereby the loss of a datum 
from one band results in the loss of data from all other six bands.  Comparisons between spectral 
bands and vegetation indices are not affected by these data gaps when exploring data at a single site.  
When comparing these spectral data between sites, however, results are altered depending on whether 
the variables are correlated using pairwise deletion, casewise (also known as listwise) deletion or 
using mean substitution.  For example, multiple comparisons are made of NDVI time-series between 
all thirty-two field sites.  If all variables are correlated using listwise deletion, the cases (or rows), 
which do not contain any missing data for any of the variables, are the only cases included in the 
analysis.  Therefore, because of the missing data in Caldermeade on August 5
th
 2006, no data on this 
date are analysed, even though other sites such as Jerona, provide data on this day.  This means that all 
correlations are based on the same set of data.  In contrast, pairwise (missing data) deletion, only 
excludes cases from any calculation involving two variables with missing data.  Referring to Figure 
4.4, NDVI values extracted from August 5
th
 2006, are excluded for any site correlated against 
Caldermeade, but are included for correlations between Jerona and another site (with no missing data 
on this day).  Pairwise deletion, therefore, avoids the loss of any data, due to listwise deletion.  On the 
other hand, the loss of data can be avoided using mean substitution, which simply calculates a mean 
value between two values.  This produces a consistent set of results; however, mean substitution 
artificially decreases the variation of the time-series, and changes the correlations between variables 
(StatSoft, 2008).  While some gaps in the time-series may exceed one day, this would be unsuitable for 
data analysis carried out in this research.  Taken as a whole, for the analysis of these MODIS data, the 
deletion of only the relevant data points seems appropriate, with reference to avoiding the additional 
loss of data.  The results presented in the following section are based on pairwise deletion, with the 
exception of some data analysis methods, which only operate using listwise deletion or mean 
substitution.  These analysis methods include: the factor analysis and cluster analysis.  In this case, the 
missing data are excluded using the listwise deletion.         
 
4.3 RESULTS AND DISCUSSION 
 
The following section presents and discusses results obtained from MODIS satellite data collected 
from January 2005 to October 2008.  In order to justify the use of MOD09, comparisons between this 
product and MOD13 are shown, for which the main body of this chapter is based on MOD09 data.  At 
twenty-one field sites in Australia, single pixel windows were used to capture these data, and the 
gathered information has provided spectral information from the first seven MODIS bands (listed in 
Table 2.6 in Chapter 2), from which a selection of vegetation indices have been derived.  Prior to 
investigating these indices, the MOD09 bands are first presented as individual time-series from each 
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site to observe the spectral behaviour of grasslands over time.  An exploratory analysis of these bands, 
including correlation matrices and a factor analysis are then shown to understand the performance of 
each band in order to determine the most appropriate vegetation indices to use for this research.  
Thirteen previously defined indices (including NDVI) have been selected as well as twelve additional 
indices, created for this study.  Similar to the approach taken for observing the spectral bands, these 
indices are presented in a number of time-series, followed by correlations made between each index 
and NDVI.  The performance of the MOD09 bands and vegetation indices are summarised at the end 
of this chapter.       
 
4.3.1 MODIS Product Comparisons 
 
This section presents results published in Martin et al. (2009a) (cited at the beginning of this chapter).  
Before exploring these MOD09 spectral bands and derived indices, this product was first compared 
with another MODIS product; MOD13.  The MOD09A1 product supplies surface reflectance from the 
first seven MODIS bands to monitor surface reflectance every eight days.  Whereas, MOD13A1 is 
specifically designed to deliver NDVI and EVI at a temporal resolution of every sixteen days 
(McKellip et al., 2005).  As illustrated in Figure 4.5, MOD13 and MOD09 NDVI were closely related 
at the Majura site (ACT), suggesting that both products deliver similar information. 
 
 
Figure 4.5 MOD09A1 NDVI against MOD13A1 NDVI at Majura (ACT), July 2005 to November 
2006. 
 
In rice fields of Southern China (including grasslands, wheat and maize), Cheng (2006) found that 
MOD13 NDVI had a closer correlation with ground data than MOD09 NDVI.  Similarly, over 
selected cotton fields in the southwestern part of USA, McKellip et al. (2005) found less noise for the 
MOD13 NDVI time-series than that of MOD09.  These findings suggest it would seem appropriate to 
utilise MOD13 as opposed to MOD09 to monitor grasslands for the current research.  However, 
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Cheng (2006) and McKellip et al. (2005) also suggested that MOD09 had an advantage with its higher 
temporal resolution of eight days, as opposed to MOD13 with a sixteen day composite.  At Majura, 
very little variation is found between the two MODIS products (Figure 4.6); however, the higher 
temporal resolution of MOD09, does permit this product to provide a more frequent coverage of 
vegetation cover.  As shown previously in Figure 3.13, curing can occur quite quickly, and in Figure 
4.6, the two curing seasons at Majura have been outlined (in two rectangles). 
 
 
Figure 4.6 Time-series in Majura (ACT) from July 2005 to November 2006 of MOD09 and 
MOD13 derived NDVI, and Predicted curing (computed from the correlation between MOD09 
NDVI and Levy rod Curing).  
 
From July 2005 to November 2006, the NDVI in Majura reached its maximum (of 0.81) on the 24
th
 of 
October 2005.  This maximum was detected by MOD09, but not MOD13.  From this date, the NDVI 
declined rapidly until late January 2006, hence the grasses cured.  Within this timeframe, twelve 
NDVI values were extracted from MOD09 and only six from MOD13.  This time of year is the most 
critical for this research and as the NDVI had dropped by 0.09 in just eight days (from November 25
th
 
to December 3
rd
 2005), it is fair to suggest that MOD13 at every sixteen days is not suitable for curing 
assessment, and that MOD09 is preferable for this fire and land management application.  
Furthermore, MOD09 includes all seven land bands, enabling a more comprehensive range of 
vegetation indices, whereas MOD13 includes only four bands.  Therefore, all satellite data analysed 
for this research were derived from MOD09(A1).      
 
4.3.2 MOD09 band Comparisons 
 
The MOD09 product provides data in seven spectral bands, as listed previously in Table 2.6. Each 
band is unique with regards to its sensitivity to certain factors such as water content and chlorophyll, 
and also with regards to its relationship with other spectral bands.  As this chapter has not yet reached 
any comparison with in situ data, this part of the thesis will simply analyse each spectral band to find 
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firstly which spectral regions are most sensitive to phenological changes of grasslands, and secondly 
whether there are any regional patterns due to variability in grass, soil, climate, and so on. 
 
4.3.2.1 Time-series 
 
For each MOD09 band, comparisons were made between sites in order to initiate an understanding of 
how each band performs across Australia.  Firstly, it was of interest to find which bands demonstrated 
a clear seasonal variation.  While all sites are presented in Appendix 9.4.1.1 (Figure 9.31), Figure 4.7 
presents just four of the field sites: Silent Grove (Sandstone), Ryans Farm, Simcocks and Tidbinbilla, 
which are arranged according to their general location in Australia.  As with other field sites in the 
Kimberley region, Silent Grove (Sandstone) displays higher seasonal variation at longer wavelengths, 
such as bands 6 and 7 (MIR 1 and 2), where vegetation water content can be detected.  In comparison, 
the seasonal fluctuation of band 2 (NIR1) was not as apparent.  Tidbinbilla, on the other hand, 
illustrates a typical seasonal variation for sites in southeastern Australia.  As well as a higher 
fluctuation for both MIR bands, band 2 (NIR1) illustrates a well defined seasonal response.  Victorian 
validation sites presented similar time-series to the ACT/NSW region with particularly high variation 
in bands 2 (NIR1), 5 (NIR2), 6 (MIR1) and 7 (MIR2).  Across all field sites, bands 3 and 4 (blue and 
green) had the least amplitude of seasonal variation over time, meanwhile band 1 ran roughly parallel 
to bands 3 and 4 until reaching higher reflectance peaks and lower troughs than the other two bands.  
This suggested that if one of bands 1, 3 and 4 was required for use in a vegetation index, band 1 would 
be selected; hence it‟s wide utility in vegetation indices.  Nevertheless, a slight variation was found 
between sites, indicating that grass and soil type, vegetation density and climate, are all possible 
factors controlling the spectral response of grasslands over time.  The remaining question is to which 
degree these factors influence the spectral reflectance for each band, and how these bands compare 
with each other. 
 
 
117 
 
 
 
 
Figure 4.7 MODIS band time-series at a) Silent Grove (Sandstone) – northern WA, b) Ryans 
Farm - QLD, c) Simcocks – southern WA, d) Tidbinbilla - ACT. 
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4.3.2.2 Correlation matrices 
 
By becoming familiar with how the seven bands respond to seasonal variation, the performance of 
each band was explored further by correlating each band with the others.  To achieve this, correlation 
matrices were calculated for each site to identify the degree of correlation between any two bands and 
to identify which bands deliver the same (and no additional) information.  These comparisons were 
made using spectral data collected from the whole time-series of 2005 to 2008.  Although the focus 
here was to find comparisons between spectral bands, comparisons and similarities were also found 
between sites.  For example, Figure 4.8 shows the Lorna Glen site, of hummock grasslands, to exhibit 
positive correlations between all spectral bands.  Similar results were found in the tropical grasslands 
of Jerona and Parry Lagoons (see Figure 9.47 and Figure 9.44 in Appendix 9.4.1.2), as well as mixed 
pastures in Colinton (Figure 9.51) and Majura (Figure 9.53), although weaker correlations were found 
at these sites.  Lorna Glen, a very sparse vegetated site, demonstrated that all seven bands deliver 
similar information as each other.  With chlorophyll being detected by bands 1 and 3 (red and blue), 
moisture content by bands 6 and 7 (both MIR), and scattering between and within leaves to be 
monitored by bands 2 and 5 (both NIR) (§ 2.4.3), these bands are less likely to provide contrasting 
data.  The time-series of these bands (§ 9.4.1.1), however, did illustrate a seasonal fluctuation, 
particularly for bands in the NIR and MIR.  Because these bands have not shown a clear relationship 
at this site, the same correlations matrices have been observed for all other field sites, for which 
Braidwood is presented in Figure 4.9, and Simcocks and Burnham are also presented in Appendix 
9.4.1.2.     
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Figure 4.8 Correlation matrix of MOD09 bands in Lorna Glen (WA), comprised of hummock 
grasslands. 
 
In Figure 4.9, Braidwood, a relatively well-vegetated site, consists of a weak negative correlation (r = -
0.3841, p < 0.0001) between bands 1 and 2 (sensitive to chlorophyll and leaf scattering/cellular 
structure respectively).  At this site and at other well-vegetated sites the relationship was not so clear 
possibly owing to differences in vegetation canopy cover, and hence exposure to bare soil.  As NDVI 
is a widely used index in vegetation assessment, it was expected that these two bands would have a 
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low correlation.  For instance, these two bands determine whether the dominant land cover of a site is 
soil or vegetation.  The relationship between these bands at Lorna Glen (r = 0.5097, p < 0.0001), for 
example, was positive owing to the high exposure of bare soil at this site.  The weak relationship 
found at Braidwood and most other sites reported that band 1 can not predict the value of band 2, and 
vice versa.  While this is typical for a vegetated site, this illustrates well the utility of vegetation 
indices using these two bands (NDVI, SAVI, WDVI, EVI and mNDVI) for vegetation studies.   
 
 
Figure 4.9 Correlation matrix of MOD09 bands in Braidwood (NSW), comprised of a mixture of 
tussock, native grasses and improved pastures. 
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In addition to a weak correlation found between bands 1 and 2, bands 2 and 5 exhibited a weak 
correlation with all other spectral bands.  These two bands are, therefore, expected to work well with 
any other MOD09 bands in detecting any phenological changes of grasslands. Band 1 (red), on the 
other hand, had a strong and significant (p < 0.0001) correlation with bands 3 (r = 0.9710), 4 (r = 
9030), 6 (r = 0.9113) and 7 (r = 0.8781).  With the highest r found between band 1 and 3, the strong 
correlation found between these bands suggested band 3 to deliver similar spectral information as band 
1.  As expected, owing to both bands being sensitive to chlorophyll absorption, this was typically 
found in the time-series of most field sites where both bands ran almost parallel with each other.  
Although a time-series has not been presented for Braidwood, Figure 4.7 has shown that these two 
bands illustrate a similar response as each other, as well as band 4.  Band 1, however, was noted to 
fluctuate more dramatically when the grasslands “green up” and cure.  The only information that can 
be extracted from bands 1 and 3 is the difference between the band reflectance values. Hence, band 3 
is often subtracted from bands 1 and 2 to derive EVI and mNDVI to remove the effect of specular 
reflectance (Sims and Gamon, 2002).  Therefore, to use both bands 1 and 3 in an index, it has been 
recommended to use an additional band such as band 2.   
 
The next combination considered for analysis was band 1 with band 4.  These red and green bands 
generally had a positive correlation, demonstrating a similar relationship between bands 1 and 3.  The 
time-series of these bands, shown previously in Figure 4.7, have identified these bands to demonstrate 
a similar profile over time.  Therefore, band 4 has provided no further information than band 1 or 3.  
When band 1 was combined with band 5, however, differing relationships were found between sites.  
From very little correlation at Braidwood (r = 0.1953, p = 0.0114) to a strong positive and significant 
correlation at Lorna Glen (r = 0.8066, p < 0.0001), these bands have not shown a clear spectral 
relationship.  When compared with band 6 or band 7 (both MIR), however, band 1 had a positive 
relationship with both MIR bands, and at each site, these relationships were nearly identical.  Hence, 
bands 6 and 7, themselves, had a strong linear correlation.  Though the band 1-band 5 correlation was 
unclear, and the band 1-band 6 (or 7) relationship was not as variable, it was of interest to see how 
these bands would perform when combined as an index.  As no applicable indices have used these 
bands, two indices were created for this study; VI(125) using bands 1, 2 and 5, and VI(126) using 
bands 1, 2 and 6.  These indices will be introduced in the next section. 
 
As bands 1, 3 and 4 are all sensitive to chlorophyll; these bands are likely to exhibit similar 
correlations with band 2.  That is, bands 2 and 3 and bands 2 and 4 are expected to have the same 
correlation as bands 2 and 1. bands 2 and 3 (NIR and blue) did not present the same spectral 
information as each other as weak relationships varied across all sites as either positive or linear 
regressions.  A negative correlation was found at many sites in southern Australia, such as Simcocks, 
where r = -0.6365 (p < 0.0001) (see Figure 9.42 in Appendix 9.4.1.2).  Other sites with similar 
correlations include Ballan (Figure 9.36), Caldermeade (Figure 9.37), Kaduna (Figure 9.39) and 
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Kilcunda (Figure 9.40), which all consist of improved pastures.  Meanwhile, a positive correlation was 
found at Majura, Colinton, Durran Durra, Jerona, Lakefield, Lorna Glen, Parry Lagoons, Silent Grove 
(Blacksoil), Silent Grove (Sandstone), and Acheron.  While some sites also consist of pastures (for 
example, Majura and Colinton); these sites are dominated by native grasses, and the majority of these 
sites consist only of native grasses.  As mentioned earlier, bands 1 and 4 had a strong linear regression 
at most sites, but bands 2 and 4 told a different story.  At sites of improved pastures and densely-
vegetated mixed grasses, generally located in southeastern Australia, there was no association between 
these bands (Braidwood (r = 0.0186, p = 0.8118), Simcocks (r = -0.2369, p = 0040), Brooklyn (r = 
0.1678, p = 0.0334), Caldermeade (r = -0.1500, p = 0.0717), Darnum (r = 0.0283, p = 0.7377), Ballan 
(r = -0.0403, p = 0.6229) and Kilcunda (r = -0.0802, p = 0.3463)).  At sites, with higher bare soil 
exposure, mostly of native grasses, a positive regression was found (Lorna Glen (r = 0.6747, p < 
0.0001), Mt Hart (Sandstone) (r = 0.6731, p < 0.0001), Silent Grove (Sandstone) (r = 0.7609, p < 
0.0001), Silent Grove (Blacksoil) (r = 0.7576, p < 0.0001), Parry Lagoons (r = 0.7694, p < 0.0001), 
Lakefield (r = 0.6245, p < 0.0001), Jerona (r = 0.6868, p < 0.0001), Durran Durra (r = 0.7379, p < 
0.0001).  These sites are mostly in the northern Australia apart from Durran Durra; in NSW.  
Moreover, the relationship that band 4 had with band 2 has sparked more interest (in this research) 
than with band 1.  Therefore, the GNDVI, using bands 2 and 4, has been selected as a potential index 
for this study. 
 
To monitor vegetation water content, numerous past studies around the world have used NDWI(5), 
which makes bands 2 and 5 a key interest in this study, alongside band 1 and 2, used in NDVI.  Firstly, 
at most sites in southern Australia (excepting Durran Durra, Colinton and Majura), band 2 had a 
similar (negative) relationship with all bands excepting band 5, which had shown a positive 
relationship.  Most of these sites consist of improved pastures.  This suggested that these two bands 
are spectrally unique either in sites of improved pastures or in this (geographical) region.  In sites of 
northern Australia (particularly in the Kimberley) (§ Appendix 9.4.1.2), band 2 had a positive 
relationship with all bands, including band 5.  While there was no unique behaviour of band 5 at these 
sites, the Kimberley sites have shown band 2 to have a similar relationship with both bands 6 and 7 
(hence, the positive linear regression found between bands 6 and 7 at all field sites).  Each 
relationship, however, varied across field sites.  At Braidwood (Figure 4.9), band 2 and 6 (r = -0.3298, 
p < 0.0001) and band 2 and 7 (r = -0.4763, p < 0.0001) both have weak negative relationships, but at 
Simcocks (Figure 9.42) band 2 and 6 (r = -0.6095, p < 0.0001) and band 2 and 7 (r = -0.7404, p < 
0.0001) have stronger negative relationships.  Following NDWI(5), another two indices also used in 
past studies to assess vegetation water content are NDWI(6) and NDWI(7).  These vegetation indices 
have been included as candidate indices for this study as well as other indices using bands 2 and 6 or 2 
and 7.  These include: AFVI(6), AFVI(7), SIWSI(6) and GVMI.  The spectral differences between 
these bands demonstrated the geographical region and/or grass type to be the cause.  The NIR 
variation between sites, for example, may be due to factors highlighted in section 3.6 of Chapter 3.  
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These include canopy architecture and soil background exposure, which varies between native grasses 
and pastures.        
 
4.3.2.3 Bands of Significance 
 
In addition to the correlation matrices of the seven bands, the spectral data were analysed to identify 
which bands hold the most information regarding seasonal variation of grasslands.  Using data from 
the whole time-series (2005 to 2008), the factor analysis was performed.  Factor analysis explores the 
variability of a band that it has in common with other variables.  This technique, first introduced by 
Thurstone (1931), aims to reduce the number of variables and also to identify the structure in the 
relationships between variables (StatSoft, 2008).  This technique investigates whether a number of 
spectral bands of interest are linearly related to a smaller number of observable factors.  In this case, 
each MOD09 band is linearly related to two factors as follows, where ε represents the error term and 
βab is the factor loading of banda on factor Fb. For example, β32 represents the loading of band 3 on 
factor 2. 
 
  212111101 FFBand  
  222121202 FFBand  
  232131303 FFBand  
  242141404 FFBand  
  252151505 FFBand  
  262161606 FFBand  
  272171707 FFBand  
4.1 
 
In this analysis of MOD09 bands, the band reflectances and factors are time-series.  When correlating 
band 1 with band 2 for example, the linear regression between these bands is a factor.  If this new 
factor is placed on a scatterplot, the x axis can be rotated so that it approximates the regression line.  
Eigenvalues are obtained, which represent the variances explained by the factors.  To decide how 
many factors should be retained, a few different techniques can be used.  Firstly, the Kaiser criterion 
only selects factors that have eigenvalues greater than 1.  Secondly, according to Kendall (1975), the 
number of factors m can be decided upon the number of variables p, where 
 
  121  pm   (Kendall, 1975, p.50) 
4.2 
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In this case, the seven variables (MODIS bands 1 to 7) result in the use of three factors.  Thirdly, the 
scree test, alternatively decides on the number of factors graphically (StatSoft, 2008).  Referring to the 
four plots in Figure 4.10, most of the variance in the spectral data (of MODIS bands 1 to 7) is 
described by Factor 1, followed by Factors 2 and 3, with diminishing variance obtained from Factors 
4, 5, 6 and 7.  The number of factors which would be retained at each field site appears in the curve 
before it reaches an asymptote.  This would suggest that three factors should be retained for Lorna 
Glen and Jerona, and two factors for Simcocks and Braidwood.  For all field sites, the reflectance data 
from all seven bands were described mostly by Factor 1, though some variance was evident for 
Factors 2 and 3.  At Lorna Glen, the total variance of Factors 2 and 3 was very similar, resulting in a 
contrasting eigenvalue plot in Figure 4.10a.   
 
 
Figure 4.10 Scree test of eigenvalues from seven MOD09 bands at a) Lorna Glen, b) Jerona, c) 
Simcocks and d) Braidwood. 
 
The similar variance of Factors 2 and 3 was also observed in Figure 4.11a, where 76.78% of total 
variance is described by Factor 1, and Factors 2 and 3 describe 11.48 and 9.02% of variance 
respectively.  This analysis was also repeated by extracting four factors, in which Factor 4 (not shown) 
explains only 1.44% of total variance at Lorna Glen.  Similarly, in Figure 4.10b, the spectral data from 
Simcocks is explained mostly by Factor 1 (with a total variance of 72.86%), but Factor 2 describes 
more variance at this site than at Lorna Glen, and Factor 3 illustrates very little information (2.53%), 
with most variance caused by noise.  Factor 4 (also not shown) has an even smaller total variance of 
0.86%.  Nevertheless, most spectral data from all field sites are described by the first two factors.  
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Therefore, two factors were extracted to analyse these data.  For most sites, this was completed by 
setting the minimum eigenvalue threshold to 1.0, except for Lorna Glen, with a threshold of 0.1, as 
only one factor had an eigenvalue greater than 1 (Figure 4.10a).  
  
 
Figure 4.11 Factors (generated from all seven MODIS bands) plotted against time for a) Lorna 
Glen and b) Simcocks. 
 
As shown in Figure 4.12, Factors 1 and 2 are plotted against each other to obtain a correlation 
coefficient (here after called a factor loading) between each MODIS band and factor.  Note that the 
sign of a factor is not significant.  Figure 4.12 presents factor loading plots.  Firstly, it is clearly seen at 
all four sites, that (as expected) Factor 1 is highly correlated with all seven bands, with the exception 
of band 2 and band 5.  At Jerona (Figure 4.12b), for example, the only strong correlation relative to 
Factor 2 is smaller than any of the correlations with Factor 1.  While the highest factor loadings at both 
sites are from bands 1, 3, 4, and 6, these observations suggest that Factor 1 or these four bands alone 
describe most of the data.  As Jerona and Lorna Glen consist of tropical native grasslands and native 
hummock grasslands respectively, the MODIS bands‟ spectral behaviour was found to be similar for 
these two sites, and similar for other tropical grasslands (see Figure 9.57 in Appendix 9.4.1.3), which 
generally constitute native grasses.  At Simcocks (Figure 4.12c) and Braidwood (Figure 4.12d), bands 
1, 3, 4, 6 and 7 are highly correlated with Factor 1 and were grouped together, leaving bands 2 and 5, 
highly correlated with Factor 2, and clearly separated from the other bands.  Similar results were found 
for most sites in southern Australia comprised of improved pastures (see Figure 9.55 in Appendix 
9.4.1.3) Brooklyn and Colinton (mixed), Tooradin and Darnum (improved pastures) had shown a 
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similar response although the segregation between bands 2 and 5 and the remaining bands was less 
apparent. 
 
 
Figure 4.12 Factor Loadings of MOD09 bands at a) Lorna Glen, b) Jerona, c) Simcocks and d) 
Braidwood 
 
Nevertheless, all sites had shown some similarities as they are all of grasslands.  At all sites, bands 1 
and 2, used for NDVI, were distributed far apart from each other in the factor data space.  This 
suggested that bands which work well with each other (in a vegetation index), are likely to be found 
separated from one another in a factor loading plot.  In all Australian sites, the bands separated the 
furthest apart were band 2 and band 7 (Figure 4.12 ), indicating that indices using these two bands 
(such as NDWI(7)) would be expected to perform well over Australian grasslands. 
 
Seasonal comparison 
 
The results presented so far from this factor analysis, were based on the spectral data obtained from 
the whole time-series from 2005 to 2008.  The next question which arose was how these results would 
differ when subsetting the data into the curing seasons.  Owing to variability of annual rainfall across 
the sites (some sites experience higher variability than others), the onset, rate and maximum degree of 
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curing varies each year.  The factor analysis was therefore repeated but from discrete curing seasons.  
The data were separated by simply selecting each range of values between the NDVI maximum and 
minimum; the assumption being that the minimum NDVI is associated with maximum curing.  That is, 
curing progresses during the period of the NDVI decline.  At some field sites, this was not the case.  
For example, at Darnum, curing had continued to increase a few days after the NDVI reached its 
minimum.  With only a few field measurements across the whole time-series, there is limited evidence 
of the exact timing of curing for every season.  Therefore, it was assumed that the satellite data 
selected for each year has covered the majority of the timeframe when curing is occurring.  At Jerona, 
the whole time-series comprised of four separate curing seasons, however, in the first season, of 2005, 
the grasslands at this site did not fluctuate significantly.  This is shown in Figure 4.13, where the 2005 
curing season is not outlined.  Therefore, only three curing seasons of data were explored at this site 
(in 2006, 2007 and 2008).  Other sites in northern Australia included four curing seasons between 
January 2005 and October 2008, whereas only three curing seasons occurred in this timeframe at sites 
of southern Australia and New Zealand.  With at least three seasons explored at each site, the factor 
analysis was run three (or four) times for each season and compared with the analysis of the whole 
time-series. 
   
 
Figure 4.13 Jerona NDVI time-series with curing seasons outlined, except 2005. 
 
The „greenest‟ period at Jerona is early 2007 (Figure 4.13), where the NDVI decline (and hence, range 
of NDVI values) is greatest.  Even though the NDVI is not as high in 2006 and 2008, the NDVI had 
shown to drop at a similar steady rate for all seasons (outlined in red).  Although, towards the later part 
of the curing season in 2007; the decline in NDVI tends to plateau.  Therefore, it was expected that the 
bands would perform similarly for each season, and that any possible differences would be found in 
2007.  As shown in Figure 4.14, the separation between bands 2 and 5 and the other five bands is more 
apparent in 2006 (Figure 4.14a) and 2007 (Figure 4.14b) than in 2008 (Figure 4.14c) and the whole 
time-series (Figure 4.14d).  This could suggest that band 2 and 5 - vegetation indices may perform 
differently in 2008 than in 2006 and 2007.  Band 6, in contrast, changed its location (relative to the 
other bands) between seasons, whereas band 7 remained in the same relative location.  Overall, there 
was very little difference observed at this site between seasons.  This suggests, that when the field 
measurements (collected at this site in 2006) are combined with these satellite data (in the next 
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chapter); the relationship found for the curing season of 2006 should be representative of 2007 and 
2008. 
 
 
Figure 4.14 Factor Loadings of MOD09 bands at Jerona for curing seasons of a) 2006, b) 2007, 
c) 2008 and d) whole time-series from 2005 to 2008. 
 
Another two examples, Ryans Farm and Braidwood are briefly discussed here, but the results are 
presented in Appendix 9.4.1.3.  Similar to Jerona, Ryans Farm consists of native grasses, but at this 
site, four curing seasons were selected (Figure 9.58 in Appendix 9.4.1.3).  There was some variation 
between seasons, with intervals of rainfall during the curing season in 2007 and 2008.  The seasons of 
2007 (Figure 9.59c) and 2008 (Figure 9.59d) were most similar with each other, and the most 
contrasting season was 2005 (Figure 9.59a), where a major „green up‟ occurred, effectively dividing 
this season into two.  As 2006 was the most reliable season, this season‟s factor plot (Figure 9.59b) 
also had an almost identical factor plot to the whole time-series of most sites of improved pastures, for 
example, Simcocks (shown previously in Figure 4.12c).  Another site, Braidwood (of mixed grasses) 
experienced high NDVI variability across seasons, owing to rainfall variability, and changing levels of 
grazing intensity.  The first two seasons (outlined in Figure 9.60 of Appendix 9.4.1.3) were typical 
curing seasons at this site (and many other sites).  In 2008, Braidwood was heavily grazed by 
kangaroos, which alongside high rainfall caused a large increase in NDVI variability in this timeframe.  
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Despite the rainfall and changing levels of grazing intensity, the season of early 2008 did not show any 
different spectral information from the other seasons.  Even though the factor loadings have reversed 
(in terms of positive and negative values) (Figure 9.61b), these changes of signs have no effect on the 
results (StatSoft, 2008).  Between seasons, this site was one of the most variable in terms of the 
seasonality of NDVI.  However, similar to most field sites, the performance of the spectral bands 
remained relatively consistent.  Other field sites (not shown) had even less seasonal variability than 
Braidwood and Ryans Farm, in terms of the NDVI time-series and the factor analysis of the spectral 
bands.  These findings have supported the use of all data from 2005 to 2008, as any single season is 
representative of the whole time-series, and using the entire dataset results in more data.  
 
4.3.2.4 Summary of MOD09 bands 
 
The purpose of exploring the spectral behaviour of each MOD09 band was to find a group of bands for 
a potential vegetation index and to identify which current indices are most appropriate for curing 
assessment.  It was interesting to find differing behaviour between bands and to find spectral 
differences between sites of different grass type, different vegetation cover fraction, and different 
geographical region.  Beginning with how bands interact with each other, observations were first made 
of the time-series from each site.  These observations identified that bands 3 and 4, followed by band 
1, had the least seasonal variation at all sites (in Australia).  While band 1 fluctuated more than the 
other two bands, all three bands delivered similar information as each other, apart from the spectral 
difference between band 1 and 3 and between band 1 and 4.  Hence, band 3 tends to be useful when 
subtracted from band 1 (in indices such as mNDVI).  Generally, the highest seasonal variation was 
evident for bands 2, 5, 6 and 7.  The correlation matrices demonstrated that at some sites (Parry 
Lagoons and Colinton, for example) all seven bands had similar relationships with each other.  
However, these relationships were never identical.  Even in sites containing sparse vegetation (for 
example, Lorna Glen), there was some variation between the bands, indicating that chlorophyll and 
vegetation moisture content variations were still detected in arid regions.  The correlation between 
bands 1 and 2 was variable across all sites, but was generally weak.  As these two bands work well 
with each other in NDVI (as well as SAVI and WDVI), other bands with differing seasonal behaviour 
are also expected to work well if combined together in an index.  The two bands that have weak 
relationships with all (if not, most) bands were band 2 and band 5.  Therefore, either (or both) of these 
bands may provide useful information with another band in a vegetation index. 
 
Regarding the differences found between sites, native grasses (generally found in northern Australia) 
have shown contrasting results to improved pastures (in southern Australia).  Most correlations 
between bands were similar across all sites, but the band that stood out the most was band 2.  The 
relationship that this band held with other bands (except for band 5) varied between sites of differing 
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grass type.  With bands 1, 3, 4, 6 and 7, a weak negative exponential relationship was observed in sites 
of improved pastures.  Meanwhile, this relationship was generally positive, but also weak, in native 
grasses.  This supports the use of band 2 for a vegetation index, as it detects the different land-cover 
characteristics of sites. 
 
4.3.3 Vegetation Indices 
 
Following an in-depth investigation of the first seven MODIS bands, this section will explore the 
spectral data of twenty-five vegetation indices.  These indices utilise the bands with the most 
significant performance over grasslands at most (if not all) field sites.  Not only do these indices 
require high sensitivity to seasonal variation, but need to accurately monitor the greening up of grasses 
and most importantly, curing.  Thirteen indices used in past studies have been selected, and to explore 
curing assessment even further, twelve different combinations have been created specifically for this 
study.  The objective of exploring a large number of indices at this stage was to identify which indices 
perform well and are an improvement of NDVI, and which indices perform well at particular sites.  
This was completed by observing the seasonal variation of each index, with particular focus on the 
critical curing period (generally above 60% cured).  Beginning with NDVI, these indices were also 
normalised (by the maximum and minimum values) to deal with site specific issues, as many field 
sites (even though they are all of grasslands) consist of a mixture of land-cover types (§ 3.2.3, 3.2.4, 
and 3.2.5).  The average biomass of a site, the exact phenology of a particular species and grass type, 
and the underlying soil type are all aspects, which influence the value of vegetation indices throughout 
each season.  By normalising these indices, the variation between field sites (and grass types) has been 
minimised.  To narrow the search for the best performing indices, however, comparisons are also 
made between NDVI and the remaining twenty-four indices.  This was to identify which indices are 
functionally equivalent to NDVI and which indices present additional information to NDVI.  As 
preliminary results report all twenty-five indices to be closely associated with one other, the next 
option is to find whether differences are found when dividing the field sites into categories of grass 
types (and regions).  This is carried out using a cluster analysis of NDVI time-series.  The categories 
will be used for further vegetation index-comparisons in the later chapter. 
 
4.3.3.1 Selection from the Literature 
 
In section 2.4.4, thirteen out of twenty-five vegetation indices from the literature were selected as 
being of most interest in curing assessment.  It was vital to consider at least one index from each of the 
five attributes: greenness (§ 2.4.4.1), soil correction (§ 2.4.4.2), atmospheric correction (§ 2.4.4.3), leaf 
pigment and chlorophyll content (§ 2.4.4.4), and water content (§ 2.4.4.5).  Firstly, NDVI, EVI and 
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NDWI(5) were selected as these indices have been widely used in past vegetation studies.  WDVI and 
SAVI were selected to represent the soil corrected indices, and EVI, mNDVI, GNDVI and BNDVI 
were selected for chlorophyll content.  Alongside BNDVI, the other NDVI variants developed by 
Wang et al. (2007) (§ 2.4.4.4) could have also been included in this analysis; however, they are all 
very similar to each other.  This was not only found over rice canopies (Wang et al., 2007), but has 
been found to demonstrate similar spectral time-series as one another in this study.  These findings are 
not shown; however, these indices will be included in the summary of Chapter 5.  The remaining 
indices from Table 4.2 were selected on account of which bands they use.  For instance, band 2 is a 
well recognised band to use in vegetation indices, and has demonstrated a clear spectral response to 
the seasonal changes of vegetation in this study (§ 4.3.2.1).  This band is used in all thirteen indices 
selected for this research.  The preliminary results shown earlier in section 4.3.2 identified particular 
bands to show a unique spectral response over grasslands.  Owing to the distance found between bands 
2 and 7 in the factor analysis, indices using these two bands were selected, including AFVI(7) and 
NDWI(7).  As band 6 was found to be very similar to band 7 (according to the matrix plots in section 
4.3.2.2), indices combining band 2 with band 6 were also selected: AFVI(6), GVMI and NDWI(6).  
The remaining NDWI, using band 5, NDWI(5), had already been selected for this study as it has been 
widely used in past research to estimate vegetation water content.  The factor analysis (Figure 4.12), 
on the other hand, demonstrated many sites (particularly those of improved pastures and mixed 
grasses) show a similarity between bands 2 and 5, as they both separate themselves from the other five 
bands.  These results suggested that indices using one of these bands with a band from the „cluster‟ 
(for example, band 1), are likely to perform well in the assessment of the seasonal variation of 
grasslands.  In contrast, indices using two bands from the „cluster‟ (such as band 1 and 3) are not 
likely to provide any useful information.  These vegetation indices are listed in Table 4.2, which 
includes the references of the equations to which they are defined. 
 
Tuning SAVI 
 
In contrast to other indices listed in Table 4.2, SAVI comprises a coefficient, L.  Therefore, this index 
can be „tuned‟ according to the general amount of vegetation cover (§ 2.4.4.2).  As L generally equates 
to 0 (NDVI) for highly vegetated landscapes, and 1 for landscapes of low vegetation (Jensen, 2000), 
the variations of vegetation cover between field sites of this study (§ 3.2 and 3.3) brought interest in 
finding an appropriate value of this coefficient for all field sites.  After Huete (1988), variants of SAVI 
were correlated against Levy rod curing at each site (by Ian Grant).  At most sites, Table 9.7 (§ 
Appendix 9.4.2.1) shows that the strongest correlation (lowest root mean square error - rmse) was 
produced by SAVI(L=0.0), which equates to NDVI.  This was found at thirteen sites (out of twenty 
one), which, compared to Lorna Glen (§ 3.2.4, 3.3.3 and Appendix 9.2.2.2), generally consist of high 
vegetation cover.  At these sites, the curing-SAVI correlations were found to weaken with an 
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increasing L coefficient, until reaching an asymptote between 1.5 and 2.0.  At the remaining eight field 
sites, the L coefficients with the strongest correlations ranged between 0.1 (at Braidwood and Jerona) 
and 0.6 (at Lakefield and Lorna Glen).  To assess curing across all field sites with minimal error 
(rmse), this coefficient was required to be less than 0.6.  In order to differentiate this index from NDVI 
(where L = 0.0), the value selected for the L coefficient, was 0.5.  
 
Table 4.2 Selection of (thirteen out of twenty-five) vegetation indices (from the literature) 
Attributes Vegetation Index Equation MODIS bands 
Greenness NDVI 2.9 1 and 2 
Soil correction 
SAVI(L=0.5) 2.18 1 and 2 
WDVI 2.21 1 and 2 
Atmospheric correction 
AFVI(6)  2.26 2 and 6 
AFVI(7) 2.26 2 and 7 
Leaf pigment and chlorophyll content 
EVI  2.41 1, 2 and 3 
GNDVI 2.35 2 and 4 
BNDVI 2.36 2 and 3 
mNDVI 2.44 1, 2 and 3 
Water content 
NDWI(5) 2.50 2 and 5 
NDWI(6) 2.51 2 and 6 
NDWI(7) 2.52 2 and 7 
GVMI 2.54 2 and 6 
 
The vegetation indices shown in Table 4.2 were not the only indices investigated in this research, but 
are simply a selection of the best – performing indices from the literature (§ 2.4.4). 
 
4.3.3.2 Development of new indices 
 
In addition to these indices, the MOD09 bands were combined to create new indices for this study.  A 
total of thirty-one combinations were created, most of which were modifications of NDVI, NDWI and 
GNDVI.  Note that NDWI and GNDVI are modifications of NDVI.  In order to reduce this list further 
(to the twelve indices shown in Table 4.3), these new combinations were firstly compared with NDVI, 
in terms of their seasonal variation.   
 
Table 4.3 Selection of (twelve) vegetation indices (created for this study), where „Rn‟ denotes the 
reflectance of MOD09 band (number) n, and „μ(x, y)‟ denotes the mean of x and y. 
Vegetation Index Reason for selection Preliminary performance 
mNDWI(567)  
 7652
7652
,,
,,
RRRR
RRRR




 
To modify the NDWI, these 
combinations use bands 5, 6 and 7 to 
average out the changes in water 
content (bands 6 and 7) and cellular 
structure (band 5).  The idea of 
Functionally equivalent to and 
runs parallel with NDVI 
mNDWI(56)  
 652
652
,
,
RRR
RRR




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mNDWI(67)  
 762
762
,
,
RRR
RRR




 
averaging these bands was developed 
from analysing spectral data in sections 
3.5 and 3.6. 
mNDVI(15)  
 512
512
,
,
RRR
RRR




 
Similar to modifying the NDWI, NDVI 
was modified by replacing band 1 with 
an average of band 1 and 5, band 1 and 
6, and of band 1 and 7 respectively.  
Functionally equivalent to and 
runs parallel with NDVI 
mNDVI(16)  
 612
612
,
,
RRR
RRR




 
Functionally equivalent to and 
runs parallel with NDVI, similar 
rmse (to predict curing) to 
NDVI.  Smaller rmse (to predict 
curing) than the normalised 
NDVI (nNDVI). 
mNDVI(17)  
 712
712
,
,
RRR
RRR




 
Higher seasonal fluctuation than 
NDVI. 
mGNDVI(45)  
 542
542
,
,
RRR
RRR




 
Again, using the same formulae as 
above, the GNDVI was modified to 
average bands 5, 6 and 7 with band 4.  
Band 4 was also of interest as it had 
shown to separate itself from other 
spectral bands in the factor analysis (§ 
4.3.2.3). 
Functionally equivalent to and 
runs parallel with NDVI 
mGNDVI(46)  
 642
642
,
,
RRR
RRR




 
Functionally equivalent to and 
runs parallel with NDVI, similar 
rmse (to predict curing) to 
NDVI. When normalised: 
smaller rmse (to predict curing) 
than nNDVI 
mGNDVI(47) 
 
 
 
 742
742
,
,
RRR
RRR




 
Functionally equivalent to and 
runs parallel with NDVI 
mGNDVI(467)  
 7642
7642
,,
,,
RRRR
RRRR




 
VI(172)  
 271
271
RRR
RRR


 
Bands 2 and 7 show the most 
contrasting spectral information (§ 
4.3.2.3), and band 1 was added to band 
7 as band 1 works well with band 2 in 
NDVI. 
Higher seasonal fluctuation than 
NDVI.  When normalised: 
similar rmse (to predict curing) 
to nNDVI 
VI(152)  
 251
251
RRR
RRR


 
Similar to VI(172), band 5 has shown 
unique spectral behaviour (§ 3.5 and 
3.6), so has replaced band 7. 
Functionally equivalent to and 
runs parallel with NDVI, similar 
rmse (to predict curing) to 
NDVI. 
 
Twelve combinations were selected after reviewing the literature on spectral changes with vegetation 
senescence (§ 2.4.3), and analysing field results presented earlier in section 3.5 and 3.6.  Comparisons 
were also made between these indices and curing measurements.  These findings will not be shown 
until the following chapter.  They were simply made at this point to narrow down the search for the 
best-performing indices of curing assessment.  The remaining eighteen indices, which did not perform 
as well, had either shown little seasonal variation at most field sites or had shown no additional 
spectral information to NDVI itself.  These indices were excluded from this study and are listed in 
Appendix 9.4.2. 
 
While NDVI has been the standard vegetation index for vegetation assessment, many researchers have 
modified NDVI to develop new indices such as SAVI, AFVI, mNDVI, NDWI, GNDVI and BNDVI.  
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To follow on from past research, an index which was created for this study was a modified version of 
NDVI, which employs bands 2 and 7.  These bands had shown the most contrasting spectral 
information (§ 4.3.2.3), and so VI(172) was created using these two bands with band 1 (hence, bands 
1, 7 and 2).  This index, along with many other indices (in Table 4.3) were created by not only 
evaluating the results from section 4.3.2, but also by observing the reflectance spectra measured in the 
laboratory (Figure 3.17) and in the field (Figure 3.20).  For example, band 1 and band 7 both increase 
with curing.  The reflectance of band 2, on the other hand, declines as curing progresses.  This index 
was also modified by replacing band 7 with band 5.  As for the remaining indices in Table 4.3, band 2 
was utilised to subtract an average of reflectance values from several combinations of bands.  As band 
2 is the only band that declines with curing, it was clear that this band would have to sit by itself as a 
function in an index.  Band 2 has been utilised in this manner for many vegetation indices (§ 2.4.4) 
such as NDVI, SAVI, WDVI, ARVI, SARVI, AFVI, GNDVI, EVI, mNDVI and NDWI.  As for bands 
1, 3, 6 and 7, these bands all increase their reflectance with curing, and band 5 tends to vary.  
Therefore, an average of bands 5 and 6, for example, implies that changes in cellular structure and 
vegetation water content (§ 2.4.3) would both be detected by the modified NDWI using bands 5 and 6, 
denoted as mNDWI(56).  Several combinations were created, which utilise an average of two or three 
bands in the NIR and MIR.  These also included an average between bands 6, 7 and 4 (modified 
versions of the GNDVI).  Although the visible reflectance generally increases as curing progresses, the 
reflectance of band 4 does not increase as much as bands 1 and 3.  Moreover, these created indices are 
simply modified versions of NDVI, NDWI and GNDVI.  As well as indices selected from the 
literature, these indices will be compared with NDVI to find which combination is an improvement of 
NDVI for curing assessment. 
   
4.3.3.3 Time-series 
 
 NDVI 
 
Before exploring all of these vegetation indices, NDVI was the first to be explored in this study, and 
preliminary results of these NDVI time-series are published in Martin et al. (2009a).  Throughout 
Australia, the seasonal pattern of NDVI differed between the northern and southern half of the 
continent.  The sites in northern WA (including Lorna Glen) and Queensland had shown similar 
seasonal NDVI trends between each other.  However, the trends from these sites differed from trends 
found in sites from ACT/NSW, Victoria and southern WA due to differing grass types and different 
climate zones.  From 2005 to 2008, NDVI has been plotted against time for the two regions; northern 
Australia and southern Australia.  Referring to Figure 4.15, in Queensland and northern WA, the 
NDVI generally peaks in early autumn, mainly due to heavy monsoonal rains in summer (Tapper et 
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al., 1993).  High variation was found between the sites, particularly throughout the curing period (in 
the winter months).  At Parry Lagoons, for example, the NDVI suddenly drops towards the end of the 
curing season of 2006.  This drop was caused by fire in September 2006.  The NDVI from southern 
Australia has shown spring to be the „greenest‟ season of each year, as shown in Figure 4.16.  The 
maximum NDVI in southern Australia was much lower in 2006 than the previous year due to less 
rainfall.  As summer approaches, the NDVI declines as grasslands are likely to cure.  The variations 
between sites are large, and differences between the sites were observed in the timing of senescence.  
Peaks were also observed (particularly in Braidwood) throughout later summer to autumn (2006), due 
to secondary growth following rain.   
 
 
Figure 4.15 NDVI time-series in northern Australia from July 2005 to October 2008. 
 
 
Figure 4.16 NDVI time-series in southern Australia from July 2005 to October 2008. 
 
Although NDVI is a combination of just two bands (1 and 2), the next step was to understand how this 
index compares with these bands as well as the other MOD09 bands.  For just two sites, each MOD09 
band has been plotted with NDVI over time as shown in Figure 4.17.  Without doubt, both sites 
demonstrate the magnitude of how much NDVI fluctuates over time in comparison with each 
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individual band.  NDVI demonstrates the utility of vegetation indices in monitoring seasonal 
vegetation changes. 
 
 
Figure 4.17 Band and NDVI time-series at Kilcunda (Victoria) and Mt Hart (Sandstone) 
(northern WA). 
 
As these two sites in Figure 4.17 are in completely different climate zones, the (much higher) NDVI at 
Kilcunda (in southern Australia) declines from spring to summer, and declines at Mt Hart (Sandstone) 
(in northern Australia) from early autumn to late winter / early spring.  At the later stages of the 
NDVI‟s decline, the rate appears to slow down at Mt Hart (Sandstone), though at Kilcunda (and most 
other sites in southern Australia) the NDVI drop occurs very rapidly over a few weeks, then decrease 
more slowly.  This would relate to the slower rates of curing found not just at Mt Hart (Sandstone) but 
generally found at all sites in the Kimberley region (refer to Figure 3.13), possibly owing to the 
perennial (native) grasses at these sites, which are recognised for curing slowly in comparison with 
annual (improved pasture) grasses (Cheney and Sullivan, 2008).  The sharp NDVI increase, sudden 
drop and then a slow decrease was typical at most sites in northern Australia (Figure 4.15).  The NDVI 
time-series of most sites in southern Australia (Figure 4.16) was generally characterised by a 
„smoother‟ periodic curve with a plateau at each NDVI peak. 
   
Selected vegetation indices 
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To follow on from observations of NDVI, the seasonal variations of other indices were expected to 
have slight differences, but their overall patterns were expected to show similarity to NDVI.  In this 
section of the chapter, the objective is to find whether any other vegetation indices deliver contrasting 
information to NDVI, and whether some indices perform better than NDVI.  In Lorna Glen, for 
example, the NDVI of this site (with high exposure of bare red soil) did not fluctuate with high 
amplitude, in comparison with other sites.  Therefore, it was of interest to identify an index of higher 
sensitivity to curing even in sites of low vegetation cover.  While many indices were investigated for 
all twenty-one field sites, these time-series are presented in Figure 9.62 (Appendix 9.4.2.3).  As it 
would have been monotonous to present each and everyone in the thesis, a time-series from one site; 
Simcocks, is presented in Figure 4.18.  For this site, the time-series include twenty-five indices from 
Table 4.2 and Table 4.3.  The closest index to NDVI at this site was AFVI(7), and other indices 
including EVI, SAVI, AFVI(6), NDWI(6), mNDVI, GVMI, WDVI, VI(152), mNDWI(56), 
mNDWI(567) and mGNDVI(47) also ran parallel with NDVI, though were consistently higher (for 
mNDVI only) or lower in value.  Similar results were found at most field sites (these results are not 
shown).  With the exception of Lorna Glen, where BNDVI, mNDVI, GNDVI, VI(172) and VI(152) 
stood out from the rest, most indices at all sites demonstrated a similar seasonal behaviour to NDVI.  
The index which exhibited the least seasonal fluctuation was NDWI(5).  WDVI and mNDWI(56) were 
also observed to be less sensitive to the seasonal changes of the native grasses, as was mNDVI for 
sites of improved pastures.  
 
 
Figure 4.18 Vegetation index time-series at Simcocks (southern WA) (2005 - 2008). 
 
These general observations suggested these indices possibly have a weaker association with curing 
than NDVI.  On the other hand, NDWI(7), mNDVI(16), mNDVI(17), mNDWI(67), mGNDVI(46), 
mGNDVI(467) and particularly VI(172) demonstrated the greatest seasonal trend at this site and at 
other sites, with highest sensitivity to phenological changes of vegetation.  At this stage, the seasonal 
trends of twenty-five vegetation indices have been observed to identify which indices are most 
sensitive to the greening up and curing of grasslands, and which indices are least sensitive across all 
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sites.  An important note to make here however, is that even though the VI(172) was found to have the 
highest seasonal variance, it cannot be assumed that this index will best predict curing, and that this 
index is an improvement of NDVI.  This issue will be revisited when correlated with in situ 
measurements in the following chapter. 
 
 Normalised indices  
 
To quantify vegetation cover of relatively high water content, NDVI has been used in the past to form 
the relative greenness index (§ 2.4.4.1), in which the NDVI is normalised by its historical minimum 
and maximum values (Burgan et al., 1998; Sebastián López et al., 2002).  By normalising NDVI and 
other indices (over a 3-year timeframe) this technique attempted to normalise the spatial variation of a 
single MODIS pixel to reduce the effect of factors such as species distribution, land cover proportions 
and biomass, and hence, the exposure of bare soil.  This assumes that the vegetation cover captured 
within the pixel does not change over the 3-year period.  These normalised data are therefore 
referenced to the extremes of phenological variation of grasslands in the absence of factors such as 
land use change and climatic variability.  In comparison with the original time-series from Simcocks 
(Figure 4.18), the normalised time-series in Figure 4.19 illustrate that all 23 indices may possibly have 
a very similar temporal response during the curing period, but tend to deviate from each other during 
the greening up period. 
 
 
Figure 4.19 Normalised (min-max) time-series of vegetation indices at Simcocks (2005 - 2008). 
 
At Lakefield (Figure 4.20), on the other hand, there is much variation between the indices during the 
curing period.  This indicates that most indices at Simcocks are likely to correlate relatively well with 
curing.  Meanwhile, at Lakefield, the relationship between curing and each index is likely to present 
contrasting results.  It is important to note; however, that at Lakefield and at other sites of northern 
Australia, the high cloud cover during the monsoon, results in missing data at the greenest time of 
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each year.  This means that the maximum values of NDVI and other indices may never be detected at 
these sites.  Moreover, at this stage of the analysis, in the context of curing assessment, all indices 
appear functionally equivalent in terms of tracking seasonal variation. 
 
 
Figure 4.20 Normalised (min-max) time-series of vegetation indices at Lakefield (2005 - 2008). 
 
4.3.3.4 Comparisons between NDVI and other indices  
 
To progress from these time-series, the next task was to look for differences between the candidate 
vegetation indices.  By correlating NDVI with the other indices, it was hoped that an insight into how 
these indices compare with NDVI would be gained and additionally, which indices provide additional 
information to this index.  It is assumed as this point that the indices least equivalent to NDVI are the 
most promising for providing independent information.  As discussed in section 4.3.3.3 , all indices at 
Simcocks generally have the same seasonal trend as NDVI, some indices of higher (such as NDWI(7)) 
and of lower amplitude (such as BNDVI).  To define which indices are functionally equivalent to 
NDVI, Figure 4.21 presents results from the Darnum site, where NDVI has been plotted against each 
index.  While all NDVI-index correlations are strong and significant (p < 0.0001) at this site, indices 
with the strongest correlations against NDVI are mNDVI (r
2
 = 0.9809) and BNDVI (r
2
 = 0.9813).  The 
index with the poorest relationship, NDWI(5); however, still has a high r
2
 value of 0.8055.   
 
Across all sites of improved pastures, VI(152) (r
2
 = 0.6019, r = 0.7759, p < 0.0001) and mNDVI (r
2
 = 
0.5982, r = 0.7734, p < 0.0001) were the most functionally equivalent index to NDVI, and WDVI had 
the lowest (mean) r
2
 and r values (0.4458 and 0.6677 respectively).  Owing to the moderately strong 
correlations between most indices and NDVI, it was unclear at this point, of how to distinguish the 
indices from each other across these pastures.  Similar findings were observed for native grasses and 
mixed grasses, where mNDVI held the strongest relationship followed by all other indices (except for 
NDWI(5)), generally with mean r
2
 and r values greater than 0.8.  In comparison with other indices, 
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NDWI(5) had a weaker correlation with NDVI for improved pastures (r
2
 = 0.4955, r = 0.7039, p < 
0.0001), mixed grasses (r
2
 = 0.5465, r = 0.7393, p < 0.0001) and native grasses (r
2
 = 0.7422, r = 
0.8615, p < 0.0001).  At Lorna Glen (hummock grassland), on the other hand, where exposure of 
underlying soil is higher, WDVI (r
2
 = 0.9367, r = 0.9678, p < 0.0001) and VI(152) (r
2
 = 0.9501, r = 
0.9747, p < 0.0001) had the strongest correlations.  The most differentiating index at this site was 
BNDVI, which correlated against NDVI with r
2
 and r values of 0.4252 and 0.6521 (p = 0.0216) 
respectively. 
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Figure 4.21 Correlation between each vegetation index and NDVI at Darnum (VIC). 
 
Overall, averaged across all Australian sites, NDWI(5) (r
2
 = 0.5655, r = 0.7520, p < 0.0001) remained 
the least functionally equivalent and mNDVI (r
2
 = 0.9665, r = 0.9831, p < 0.0001) remained the most 
equivalent to NDVI.  All other twenty indices were closely related to NDVI, with r
2
 and r values 
greater than 0.7.  These results have not determined whether these indices will be any better than 
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NDVI in assessing curing, and even if they did, the closeness of the indices suggested that any 
improvements of NDVI are likely to be minor over the whole year (not at a specific curing period).   
 
Owing to the high temporal similarity between all twenty-five indices, the most appropriate index for 
curing assessment can not be determined until comparing these data with in situ measurements.  For 
this reason the remaining part of this chapter will predominantly use NDVI itself for further analysis.  
Even though other indices are still analysed, NDVI is the main focus. 
 
4.3.3.5 Clustering of Field Sites 
  
While comparisons have been made between different seven bands and between twenty-five 
vegetation indices, these findings have also identified differences between sites of differing grass types 
and geographical region.  This section explores the differences and similarities between sites, and 
results from the NDVI time-series are presented.   
 
As described in section 4.3.2.3, a factor analysis explores the similarities and differences between 
variables.  Following this investigation of the seven MODIS bands, this analysis was carried out using 
NDVI and a few other vegetation indices, but this time, for a complete time-series of each index, the 
variables are the actual field sites.  With current knowledge based on the geographical regions and the 
grass types of sites, findings from this analysis will support the idea of dividing the field sites into 
different groups.  This can be explored using a cluster analysis.  First used by Tryon (1939) (StatSoft, 
2008), this analysis is not only used to find whether variables fall into groups of similarity, but also 
used to examine whether a subset of variables (in this case, field sites) is so highly correlated, that one 
of them (or an average of them) can represent the subset without any significant loss of information 
(Kendall, 1975).  There are three methods for this analysis, including joining (tree clustering), two-
way joining (block clustering) and K-means clustering.  Before proceeding with these methods, 
however, the NDVI time-series of all Australian field sites were correlated in a pairwise correlation 
matrix (using the Pearson r coefficient), as shown in Table 4.4.   
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Table 4.4 Correlation matrix of twenty-one (Australian) field sites against each other using 
MODIS NDVI time-series.  Correlation coefficients (Pearson r) ≥ 0.7 are underlined, significant 
(p < 0.0001) correlations are highlighted in bold, and dissimilar sites in italics. 
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Ballan 1.0 0.3 0.1 0.9 0.4 0.7 0.0 -0.3 0.9 0.9 -0.3 0.0 0.6 -0.6 -0.6 -0.2 -0.6 -0.5 0.8 0.6 0.8 
Braidwood  1.0 0.8 0.2 0.5 0.1 0.5 0.0 0.2 0.1 0.0 -0.2 0.6 -0.4 -0.3 -0.1 -0.4 -0.4 0.2 0.8 0.1 
Brooklyn   1.0 0.1 0.6 -0.1 0.6 0.0 0.0 -0.1 0.1 -0.2 0.6 -0.1 0.0 -0.1 -0.2 -0.2 0.0 0.7 -0.1 
Caldermeade    1.0 0.5 0.9 0.1 -0.4 0.9 1.0 -0.4 0.0 0.6 -0.7 -0.6 -0.3 -0.7 -0.6 0.9 0.4 0.9 
Colinton     1.0 0.3 0.3 -0.1 0.4 0.3 -0.1 -0.3 0.7 -0.4 -0.3 -0.2 -0.4 -0.4 0.3 0.7 0.3 
Darnum      1.0 0.0 -0.5 0.9 0.9 -0.4 0.0 0.5 -0.7 -0.6 -0.4 -0.7 -0.7 0.8 0.3 0.8 
Durran 
Durra 
      1.0 0.1 0.1 0.0 0.3 -0.1 0.4 -0.1 0.1 0.0 -0.1 -0.1 0.2 0.3 0.0 
Jerona        1.0 -0.4 -0.4 0.6 0.5 -0.3 0.6 0.6 0.8 0.6 0.7 -0.4 -0.1 -0.3 
Kaduna         1.0 1.0 -0.3 0.1 0.6 -0.7 -0.5 -0.3 -0.7 -0.6 0.8 0.4 0.9 
Kilcunda          1.0 -0.4 0.0 0.6 -0.7 -0.6 -0.3 -0.7 -0.6 0.9 0.3 0.9 
Lakefield           1.0 0.5 -0.3 0.6 0.8 0.7 0.7 0.8 -0.4 -0.2 -0.3 
Lorna Glen            1.0 -0.2 0.4 0.3 0.6 0.3 0.5 0.0 -0.2 0.0 
Majura             1.0 -0.5 -0.4 -0.3 -0.6 -0.6 0.5 0.7 0.6 
Mt Hart 
(Sandstone) 
             1.0 0.7 0.5 0.9 0.9 -0.9 -0.4 -0.7 
Parry 
Lagoons 
              1.0 0.6 0.8 0.8 -0.6 -0.3 -0.5 
Ryans Farm                1.0 0.6 0.7 -0.4 -0.1 -0.2 
Silent Grove 
(Blacksoil) 
                1.0 0.9 -0.8 -0.4 -0.6 
Silent Grove 
(Sandstone) 
                 1.0 -0.8 -0.4 -0.6 
Simcocks                   1.0 0.3 0.8 
Tidbinbilla                    1.0 0.4 
Tooradin                     1.0 
 
The clustering can simply be carried out by clustering sites with a strong correlation (≥ 0.7), as these 
sites are found to have high similarity.  All Australian sites in Table 4.4 have a strong correlation with 
at least two other sites, except for Durran Durra and Lorna Glen.  As Kendall (1975) reports, on the 
other hand, the dividing line of 0.7 is somewhat arbitrary.  If the coefficient threshold was lowered to 
0.6, Durran Durra would cluster with Brooklyn, and Lorna Glen with Ryans Farm.  At this point, using 
the coefficient threshold of 0.7, observations made from the correlation matrix (of Australian sites) 
have provided five preliminary clusters: 
 
Cluster #1: Ballan, Caldermeade, Darnum, Kaduna, Kilcunda, Simcocks, Tooradin 
Cluster #2: Brooklyn, Braidwood, Tidbinbilla, Majura, Colinton, 
Cluster #3: Jerona, Lakefield, Mt Hart (Sandstone), Parry Lagoons, Ryans Farm, Silent Grove 
(Blacksoil), Silent Grove (Sandstone) 
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Cluster #4: Durran Durra (would be included in Cluster #2 for threshold of 0.6) 
Cluster #5: Lorna Glen (would be included in Cluster #3 for threshold of 0.6) 
 
Cluster #1 comprises of improved pastures, which are all from southern Australia.  Cluster #2 consists 
of sites in the ACT/NSW region, which generally comprise of mixed grasses, whereas Cluster #3 
includes sites of native grasses, and are all located in northern Australia.  Clusters #4 and #5 consist of 
single sites only.  Durran Durra (#4), located in NSW, a temperate climate zone, is the only site of 
native grasses not located in tropical northern Australia.  Lorna Glen is also singled out as it is the only 
site in an arid climate zone and the only site of native hummock grasslands.  These clusters are simply 
based on visual observations of the correlation matrix, and depending on the coefficient threshold, the 
Australian sites are either divided into three or five clusters.  To validate these results, three methods 
of this analysis have been used.  First of all, the tree clustering method generally clusters the variables 
into branches, by which the variables are illustrated as a measure of similarity of distance.  This is 
often plotted as a hierarchical tree.  After Harding and Winterbourn (1997), all twenty-one Australian 
sites have been plotted in Figure 4.22, as a horizontal hierarchical tree plot (based on the commonly 
used „Euclidean distance‟).  Using the single linkage (nearest neighbour rule) between sites, the 
distance between two clusters is determined by the distance of the two nearest neighbours in different 
clusters.  With current knowledge on the geographical region and grass type of each site, as well as the 
preliminary findings from observing the correlation matrices, the results obtained from this tree 
clustering technique are as expected.  
 
 
Figure 4.22 Hierarchical tree plot of NDVI (whole time-series) from twenty-one field sites in 
Australia, generated from a (joining tree) cluster analysis, using pairwise deletion. 
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These plots were also made from nine other indices (see Appendix 9.4.2.4).  These include SAVI, 
AFVI(6), mNDVI, GVMI, BNDVI, VI(172), mNDVI(16), mNDVI(17) and mGNDVI(46).  
Comparisons between these indices resulted in only small differences.  Most indices had shown that 
the most similar sites to each other are Caldermeade and Kaduna (improved pastures of Victoria), and 
Silent Grove (Blacksoil) and Mt Hart (Sandstone) (native grasses in the Kimberley).  Across all 
twenty-one Australian sites, the two main clusters, or cluster trees, identified are: 
 
Tree #1: Ballan, Caldermeade, Darnum, Kaduna, Kilcunda, Simcocks, Tooradin, Brooklyn, 
Braidwood, Tidbinbilla, Majura, Colinton, Durran Durra  
Tree #2: Jerona, Lakefield, Mt Hart (Sandstone), Parry Lagoons, Ryans Farm, Silent Grove 
(Blacksoil), Silent Grove (Sandstone), Lorna Glen 
 
The first cluster tree for contains all sites in southern and eastern Australia, and the second tree 
contains all sites in northern Australia, including Lorna Glen.  Even though Simcocks is located in 
southern WA and the remaining improved pastures are located in Victoria, all seven of these sites are 
closely linked because of their grass type.  These two cluster trees were also found after employing 
this analysis with eight other vegetation indices (shown in Figure 9.63 in Appendix 9.4.2.4).  Moving 
along the trees to the linkage distance of 1.0, the two trees each have two branches, indicating four 
clusters for all Australian sites.  The tree clustering method has identified almost identical clusters to 
those identified from Table 4.4, except that Durran Durra has now been included with all other sites in 
the ACT/NSW region.  If the threshold was reduced from 1.0 to 0.9, Durran Durra would have been 
excluded from this cluster; but would have remained for other indices such as SAVI and mNDVI (§ 
9.4.2.4).  The four cluster trees are as follows: 
 
Cluster #1: Ballan, Caldermeade, Kaduna, Kilcunda, Tooradin, Darnum, Simcocks 
Cluster #2: Braidwood, Colinton, Tidbinbilla, Majura, Brooklyn, Durran Durra 
Cluster #3: Jerona, Ryans Farm, Lakefield, Mt Hart (Sandstone), Silent Grove (Blacksoil), Silent 
Grove (Sandstone), Parry Lagoons 
Cluster #4: Lorna Glen  
 
The second clustering method, known as two-way joining (block clustering), illustrates similar clusters 
presented in Figure 4.22, but in a different graphical format.  Figure 4.23 presents, for Australian sites, 
a coloured matrix of Pearson r coefficients, again, of the whole NDVI time-series.   
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Figure 4.23 Two-way joining cluster analysis (pairwise deletion) of NDVI (whole time-series) 
from twenty-one field sites in Australia (linkage distance set to threshold of 0.7). 
 
This plot illustrates the similarities and differences between the field sites.  For instance, the sites of 
improved pastures (such as Simcocks, Ballan and Darnum) are generally similar to each other but are 
different in temporal behaviour from the sites of native grasses (such as Silent Grove (Sandstone) and 
Parry Lagoons).  This plot gives a rough idea of how these sites should be clustered together.  After 
clustering all Victorian sites with Simcocks (which are all located in southern Australia and comprise 
of improved pastures), the next two clusters of similar sites include Braidwood, Brooklyn, Durran 
Durra, Colinton, Majura and Tidbinbilla (all located in ACT/NSW and comprise of mixed grasses, 
except for Durran Durra – of native grasses).  The sites of northern Australia all appear to be closely 
related.  While Lorna Glen still stands out from these tropical sites, it is clearly more like these sites 
than sites of southern Australia. 
 
Both the tree clustering and two-way joining methods provide complimentary results, as they both 
identify four clusters.  Both methods also identify which sites are similar to each other.  In contrast 
with these two methods, however, the K-means clustering method requires the number of clusters to 
be selected.  As shown in Figure 4.24, selecting two clusters from the NDVI time-series (Figure 
4.24a), the first cluster comprises of Simcocks with all six Victorian sites, and the remaining fourteen 
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sites (in northern Australia) reside in the second cluster.  By selecting three clusters on the other hand 
(Figure 4.24b), to a certain extent, these results agree with the Australian clusters using the tree 
clustering method.  The main difference is that, using the k-mean method, Lorna Glen has been 
clustered with all tropical sites of northern Australia.  
 
 
Figure 4.24 K-means cluster analysis utilised to map out field sites into a) two, b) three, c) four, 
and d) five clusters. 
   
Referring to the clusters of sites in Figure 4.24b, these clusters are derived by two factors; their 
geographical region and their grass type.   
 
Cluster #1: improved pastures; southern Australia 
Cluster #2: mixed grasses; eastern Australia (ACT/NSW region) 
Cluster #3: native grasses (including hummock): northern Australia 
 
From this point forward, these clusters are defined by their grass type.  This assumes that all sites of 
improved pastures are located in southern Australia, all sites in northern Australia consist of (tropical) 
native grasses, and all ACT/NSW sites; of mixed grasses.  This assumption is correct with the 
exception of the Durran Durra site.  This NSW site constitutes native grasses, but owing to the 
temporal behaviour of this site, it has more in common with the ACT/NSW sites (Figure 4.16) than 
with the tropical sites of northern Australia; this is regardless of the fact that the timing of Durran 
Durra‟s curing seasons coincide with curing seasons of other sites in the same region.   
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Additionally, using a one-way ANOVA, the NDVI time-series of Australian sites demonstrated 
various results as shown in Table 4.5.  As described in Chapter 3 (§ 3.4.3.2), that field sites are said to 
be statistically different from each other if the F-statistic is large and significant (p < 0.0001). 
     
Table 4.5 ANOVA results of field sites clustered into grass types (using NDVI data) 
Grass type Geographical region 
Number 
of sites 
F statistic P value 
Improved Pastures 
 
Southern Australia 
VIC and Simcocks 7 20.59 <0.0001 
VIC 6 24.91 <0.0001 
VIC (east of Melbourne) 5 15.25 <0.0001 
Improved Pastures 
and Mixed Grasses 
Southern and eastern 
Australia 
VIC, Simcocks and ACT/NSW 13 70.83 <0.0001 
Mixed Grasses  
 
Eastern Australia 
ACT/NSW 6 71.61 <0.0001 
Eastern ACT/NSW 3 2.10 0.1236 
Western ACT/NSW 3 38.86 <0.0001 
Native Grasses and 
Native Hummock 
Northern and central 
Australia 
QLD, Kimberley and Lorna Glen 8 88.87 <0.0001 
Native Grasses  Northern Australia 
QLD and Kimberley 7 42.26 <0.0001 
QLD 3 57.33 <0.0001 
Kimberley 4 17.13 <0.0001 
All grass types Australia All sites 21 140.53 <0.0001 
 
The sites in Queensland, for instance, are more diverse from each other than sites in the Kimberley.  
Some diversity is also evident between sites of ACT/NSW; however, this diversity is shown between 
Majura, Tidbinbilla and Colinton (Western ACT/NSW), as there is no significant difference between 
Braidwood, Brooklyn and Durran Durra (Eastern ACT/NSW).  Despite the significant differences 
between sites; however, the difference between all Australian field sites is much greater.  As shown in 
Table 9.9 (Appendix 9.4.2.4), the dissimilarity increases even more between field sites of different 
grass types.  This is evident from over thirty combinations of contrasting field sites. 
 
4.3.3.6 Summary of Vegetation Indices 
  
Thirteen vegetation indices from the literature were selected for this study (Table 4.2), on account of 
the bands that they use and the seasonal performance of those bands.  With at least one index selected 
from each attribute, for example, soil correction or water content, these thirteen indices were 
accompanied by an additional twelve indices (Table 4.3) designed specifically for this study.  While 
band 2 was shown to deliver a high response to the seasonal changes of grasslands, all 23 indices 
comprise various combinations of MODIS bands all of which utilise band 2 as a function.  Some of 
these indices were recognised for having a small seasonal variation (Figure 4.18), such as the BNDVI 
and NDWI(5), in contrast with the NDWI(7) which tends to have a high fluctuation between seasons.  
Moreover, current findings show that most indices are highly correlated (p < 0.0001) with NDVI.  
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Most indices were found to have a closer relationship with NDVI at sites of improved pastures than of 
native grasses.  This was evident for all indices with the exception of VI(152), WDVI, EVI and SAVI, 
where higher correlations were found at Lorna Glen (of native Hummock grassland). 
 
4.4 SUMMARY 
 
The investigation of each MOD09 band and comparisons found between indices, have identified 
temporal differences between differing regions and grass types.  These results have shown great 
variation between sites, suggesting that the assessment of curing from satellite data is expected to vary 
between improved pastures, native (and hummock) grasses, and mixed grasses.  Beginning with the 
seven spectral bands, the time-series (§ 4.3.2.1) illustrated that bands 2, 5, 6 and 7 (followed by band 
1) have the greatest seasonal variation across most field sites, indicating these bands may be highly 
sensitive to cellular structure (bands 2 and 5) and vegetation water content (bands 6 and 7).  Findings 
from the correlation matrices, on the other hand, (§ 4.3.2.2) show that band 2 responds differently with 
other bands over various grass types, suggesting this band to be of high priority to monitor the 
phenological changes of vegetation across sites of various native grasses and improved pastures.  This 
supports the wide use of the NIR band in many vegetation indices (Table 4.2), utilised across the globe 
(§ 2.4.4).  Combined with band 1, for instance, these two bands work extremely well with each other 
as a vegetation index, that is, NDVI.  Across most field sites, however, the relationship found between 
these two bands is relatively weak.  This has led to the assumption that any two bands with a low 
correlation, such as, band 2 and band 5, may also provide useful information as a vegetation index.  
The factor analysis (§ 4.3.2.3) demonstrated that bands 2 and 7 exhibit the most contrasting temporal 
behaviour.  Therefore, band 2 is expected to better monitor grassland phenology with band 7 than with 
band 5. 
 
The comparisons made between these MOD09 bands have guided this research to a selection of 
vegetation indices best suited for curing assessment.  While the objective of this research was to find a 
single vegetation index to monitor curing, current findings have delivered variable results between 
field sites.  This variation is mainly due to geographical region and grass type.  These sites also differ 
because of variability in the density of the vegetation, and hence the exposure of bare soil.  As 
described in section 3.2.4, improved pastures generally expose less bare soil than native grasses, 
resulting in sites of native grass, where soil corrected indices are most useful for curing assessment, 
being grouped together.  While normalised vegetation indices are able to account for such land-cover 
characteristics, the results have found that specific indices may work better in specific regions.  These 
geographic regions, and hence grass types, were then recognised as the leading factors in separating 
the sites from each other.  The cluster analysis supported the grouping of sites by grass type.  Even 
though Lorna Glen was found to differentiate from other sites, this site consistently had more in 
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common with the sites of native grasses than other grass types.  In addition to NDVI, nine other 
vegetation indices also exhibited similar clusters of field sites (Figure 9.63, Appendix 9.4.2.4).  For 
each grass type, these indices will be investigated in the next chapter for their sensitivity to curing.  
The findings from this chapter suggest that in addition to recommending one appropriate index for all 
sites, it would make sense to identify the best index for each grass type, and hence each geographical 
region.  These findings will be verified in the next chapters.   
 
151 
 
 
5 COMPARATIVE ANALYSIS OF SATELLITE AND IN SITU 
OBSERVATIONS 
 
Martin, D., Grant, I.F., Jones, S.D. and Anderson, S. (2009a) “Development of satellite 
vegetation indices to assess grassland curing across Australia and New Zealand”, in 
S.D. Jones and K.J. Reinke (Editors), Innovations in Remote Sensing and 
Photogrammetry (Lecture notes in Geoinformation and Cartography) 1
st
 Edition, 
Springer, Berlin Heidelberg (ISBN: 978-3-540-88265-7), pp. 211-227. 
 
Martin, D., Jones, S.D., Grant, I.F. and Anderson, S. (2009b) “Assessment of grassland 
curing using field-based spectrometry and satellite imagery”, in S.D. Jones and K.J. 
Reinke (Editors), Innovations in Remote Sensing and Photogrammetry (Lecture notes in 
Geoinformation and Cartography) 1
st
 Edition, Springer, Berlin Heidelberg (ISBN: 978-3-
540-88265-7), pp. 229-237. 
 
In order to quantitatively estimate the degree of grassland curing, this chapter addresses Research 
Questions 1, 2 and 3 (§ 1.3.1) and reports which spectral bands and vegetation indices correlate best 
with curing and FMC.  This is carried out by comparing in situ observations (from Chapter 3) with 
MODIS satellite data (presented in Chapter 4).  To identify which of the seven MOD09 bands offer 
maximum utility in curing research, this chapter compares each band with curing, followed by each 
candidate vegetation index.  The objective of this chapter is to ascertain the spectral vegetation index 
best suited for Australia and New Zealand.  However, owing to the low quality of satellite data from 
most New Zealand field sites, these in situ and satellite comparisons are presented for Australian field 
sites only.  It is recognised that this may lead to a series of recommended vegetation indices, which 
each yield to a different geographic region.  
 
5.1 INTRODUCTION 
  
Owing to a rapid rate of curing throughout the fire danger period, as shown earlier in Figure 3.13, 
frequent satellite coverage, at least every nine days (Barber, 1979), is required to effectively monitor 
any spectral change in vegetation.  Therefore, MOD09A1 was chosen over MOD13A1.  Owing to the 
variable spectral signal of different grass types and of different fractional land cover, the performance 
of vegetation indices was demonstrated to vary across sites.  Lorna Glen stands out among other field 
sites in that it comprises of mostly hummock (Spinifex) grasslands, as well as having a small 
vegetation cover that exposes a large contribution from bare (red) soil.  Lorna Glen yielded vegetation 
index values that differed significantly from other sites for equivalent curing values, for a wide variety 
of indices.  In reference to the cluster analysis presented earlier in section 4.3.3.5, comparisons are 
made, in this chapter, between curing and selected vegetation indices with the sites grouped into grass 
types, which generally coincide with geographical regions: improved pastures (found in Victoria and 
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southern WA), mixed grasses (in ACT/NSW) and native grasses (in northern Australia).  Although 
Durran Durra comprises of native grasses, it has shown a closer relation to other sites in its region 
(ACT/NSW), rather than sites of the same grass type.  To prevent Lorna Glen from affecting the 
results of native grasses, this site has been left on its own to represent native hummock grasslands.  
Even though this site was clustered with the other native grasses, the ANOVA results (Table 4.5) had 
shown that with a diverse group of sites already (F = 42.26, p<0.0001), the difference between sites 
had doubled (F = 88.87, p<0.0001) when including Lorna Glen.  Following comparisons of the 
MODIS bands with curing, the vegetation indices are compared, in terms of how well they predict 
curing.  This is carried out for each grass type, for all sites in Australia, and separately for the 
complete time-series and for the critical curing period (>60%).  As well as comparing these indices 
with FMC, these indices are also normalised to account for differing land-cover types, and multiple 
linear regressions (MLRs) are carried out to identify a model for best curing prediction.  
 
5.2 METHODS 
 
After Millie and Adams (1999), who matched AVHRR data with visual curing samples, the MODIS 
data were synchronised with in situ measurements on the nearest possible day, before or after the 
sample day.  In order to synchronise the MODIS data with the in situ measurements, the in situ data 
collection should generally bracket the satellite overpass time, however, it is hard to ensure the in situ 
sampling is entirely coincident with the time of over-flight (McCoy, 2005), and the in situ 
measurements are not necessarily taken every eight days.  Therefore, there is not always a curing 
sample for every MOD09 (8-day) composite (§ 2.4.2.3).  At the Darnum field site, for example, Figure 
5.1 illustrates a timeline of satellite measurement dates from December 8
th
 2007 to February 18
th
 2008.  
This timeline shows that a composite date (shaded in grey) is the first day of every 8-day composite 
(outlined in a black rectangle).  Note that for the first day of every year, a new composite commences, 
resulting in an overlap between 8-day composites from December 27
th
.  For any 8-day composite, the 
satellite observation date (shaded in black) may coincide with the composite date, for example, 
February 2
nd
 2008.  On the other hand, the composite beginning on January 1
st
 2008 comprises of a 
satellite observation from January 8
th
 2008.   
 
 
Figure 5.1 Synchronising in situ measurements and MODIS observation dates at Darnum 
(Victoria). 
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Rather than using the composite date, the observation date for each MOD09 datum has been utilised to 
match up the two data sets as close as possible.  Owing to the irregular intervals of both the satellite 
observation data and in situ measurements (shaded in green), exceptions were made to retain as many 
data points as possible.  However, the rapid rates of grassland curing (§ Figure 3.13 in section 3.4.3.2) 
advise these in situ and satellite dates to fall within at least eight days of each other.  This resulted in 
the removal of some data points.  Another aspect to note is that two other techniques to match these 
data were tested (for a few field sites), whereby the in situ measurements lie before the satellite data, 
and where the in situ measurements occur after the satellite observation dates.  These two techniques 
had not created significantly different results, but had simply reduced the number of samples.  
 
5.3 RESULTS AND DISCUSSION 
 
Using the same structure as Chapter 4, this chapter reports findings from individual MODIS bands 
before exploring selected vegetation indices (from Table 4.2 and Table 4.3).  While these findings 
included the validation of MOD09 bands using field spectroscopy, the main focus of this chapter is to 
identify which bands correlate well with field-based curing and FMC.  This guides further 
investigation to determine which vegetation indices are best suited for curing assessment.  This was 
carried out by exploring each grass type (region) and by considering all sites together. 
 
5.3.1 MODIS band sensitivity to Curing and FMC 
 
Initially, each MOD09 band was examined for its sensitivity to different vegetation characteristics.  
Hao and Qu (2007) report that all seven MOD09 bands are sensitive to leaf structure and dry matter 
content.  Meanwhile only bands 1, 3 and 4 (red, blue and green respectively) are sensitive to 
chlorophyll content, and bands 5, 6 and 7 (NIR, MIR1 and MIR2) detect water content (§ 2.4.3).  
Cellulose is also a factor, which may affect curing; however, chlorophyll and water content are the 
dominating factors, and to determine which of these two factors plays a more significant role in this 
assessment, comparisons will be made between MODIS bands which are sensitive to these factors.   
  
5.3.1.1 Field spectroscopy 
 
Prior to analysing the association between MODIS spectral bands and field-based estimates of curing, 
field spectroscopy was utilised in Caldermeade and Kaduna (Victoria) to understand and calibrate the 
MODIS measurements (§ 3.6).  The results presented in this section are published in Martin et al. 
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(2009b).  In order to validate the MODIS surface reflectance using field spectroscopy, the seven bands 
of MOD09 were compared with the same MODIS bands synthesised from the ASD spectroradiometer.  
Each ASD reflectance spectrum, was multiplied by the relative spectral response curve of each 
MODIS band (Jupp, 2003) and summed to give seven simulated MODIS reflectance values.  Before 
analysing the ASD simulated bands, the reflectance spectra illustrated in Figure 5.2 were generated 
from MODIS bands 1 to 7 (after the approach of Zarco-Tejada et al. (2003) and Hill et al. (2006)), and 
are coloured according to the curing values.  Since these reflectance signatures have only seven 
reflectance values, the water and chlorophyll absorption features are less prominent than those 
presented previously in Figure 3.20.  Figure 3.20b illustrated a minor trough for green grass at 970 nm, 
owing to a water absorption band, which does not feature in the coarse MODIS spectra in Figure 5.2.  
This trough tends to vanish from the spectrum when vegetation loses its moisture (Rahman et al., 
2003). 
 
 
Figure 5.2 Spectral signatures of grasslands generated from MOD09‟s seven bands at a) 
Caldermeade (30-11-07 to 19-02-08) and b) Kaduna (18-12-07 to 19-02-08). 
 
Also shown in Figure 5.2 the reflectance spectra at Caldermeade and Kaduna has changed as curing 
progressed, particularly in the chlorophyll absorption bands (1, 3 and 4) and water absorption bands (6 
and 7).  One of the minor water absorption bands, at 1200 nm, is located adjacent to band 5 (at 1242 
nm).  This MODIS band has not shown a clear response in these spectra.  The comparisons at 
Caldermeade shown in Figure 5.3 demonstrate that for all bands, the MOD09 and ASD simulated 
values agree well with little bias, as shown by the closeness of the points to the one-to-one line.  The 
exception is band 7 with an outlier resulting in a higher root mean square error (rmse) (Figure 5.3g).  
This agreement demonstrates that the MOD09 product, which is the result of an atmospheric 
correction, provides accurate surface reflectance values, at least at the Caldermeade site. It also 
suggests that the field site homogeneity and sampling methodology of the spectroscopy yield values 
that are representative of the MODIS scale.  
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Figure 5.3 Individual MODIS band comparisons between MOD09 Satellite data and ASD Field 
spectroscopy. 
 
Finally, the MODIS band sensitivity to curing was examined using the spectral data.  Figure 5.4 
compares, for each band, the MODIS and ASD simulated reflectance with Levy rod curing (ranging 
from 52 to 83%) at Caldermeade. The relationship at each band is similar for both MOD09 and ASD 
simulated reflectances.  All bands tend to respond to curing, with the exception of band 5.  This band 
has been used in past studies, as well as bands 2 and 6, to estimate vegetation water content (Cheng et 
al., 2006; Zarco-Tejada et al., 2003), and as water content (in this case FMC) relates with curing 
(Barber, 1979; Dilley and Edwards, 1998; Dilley et al., 2004; Millie and Adams, 1999), the Levy rod 
curing estimates were expected to show a spectral response at this wavelength (Figure 5.4e).  The 
reasons for such a poor relationship between band 5 and curing remain uncertain, but it appears that 
any relationship with curing is complex.   
 
 
Figure 5.4 Relationship between Levy rod curing (%) and each MODIS band (derived from 
MOD09 “MOD”, and from ASD field spectroscopy “ASD”) at Caldermeade. 
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In addition, the same ASD spectral reflectance values have been correlated with the FMC values 
collected in the field.  Figure 5.5 identifies (at Caldermeade) band 5 to have the least response to FMC 
as it does with curing.  Bands 1, 3 and 6 have the strongest relationship with FMC at Caldermeade, in 
contrast to Kaduna where the strongest relationship was found between FMC and bands 3, 6 and 7. 
 
 
Figure 5.5 Relationship between FMC (%) and each MODIS band (derived from MOD09 
“MOD”, and from ASD field spectroscopy “ASD”) at Caldermeade. 
 
Overall, Levy rod curing has a fairly strong correlation with all simulated MOD09 bands, excepting 
band 5 at Caldermeade, and bands 2 and 5 at Kaduna.  When these bands were correlated with FMC, 
band 5 still had the weakest correlation.  As reviewed earlier, band 5 was expected to respond to 
curing and particularly FMC as it has been used in combination with band 2 to detect vegetation water 
content.  However, as shown earlier in Figure 3.20 and Figure 3.21, the unexplained change in NIR 
reflectance with curing and FMC (respectively) is perhaps the result of a number of factors including 
cellulose absorption, intercellular scattering within each grass leaf, scattering between grass leaves, 
transmittance of radiation through grass leaves, and hence soil background.  Although the field 
spectroscopy simply validates the MODIS satellite data, a clear idea has already been put forward on 
how the (MODIS-derived) MOD09 bands are to correlate with curing.   
 
5.3.1.2 MODIS band time-series with curing  
 
In the previous two chapters, time-series have been explored for curing (in Chapter 3) and for 
individual bands and vegetation indices (in Chapter 4), with particular focus on NDVI.  As mentioned 
earlier in the previous chapter (§ 4.3.2.3), assumptions were made that the minimum NDVI (over a 3-
year timeframe) is associated with maximum curing.  This assumption is implicit when curing values 
were compared to the “relative greenness” measure derived by normalising a time-series of NDVI to 
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its minimum and maximum.  Measurements at Darnum (Figure 5.6), over the 2007/2008 season 
(outlined) clearly show that this is not necessarily the case.  At this site (comprised of improved 
pastures), the NDVI has reached its minimum in early February 2008, and then begins to rise (at the 
point of the central vertical line).  The in situ curing measurements, on the other hand, show that 
curing continued until mid March.  Examination of the time-series of individual reflectance bands 
show that the curing trend is tracked by band 2 (NIR) but not so much by band 1 (red). 
 
 
Figure 5.6 Time-series of NDVI, bands 1 and 2, and Levy rod curing at Darnum. 
 
The red and NIR bands and associated vegetation indices have well documented seasonal variation of 
vegetation.  As for the remaining MOD09 bands, the seasonal variation of all seven bands has been 
presented in Figure 5.7 at the Tidbinbilla site, with curing and FMC measurements made at that site.  
Similar to the results found at Darnum, band 1 tends to increase with curing and decline during the 
greening up phase, while band 2 mirrors band 1 but with a higher amplitude.  Referring to the bands 
sensitive to water content (bands 5, 6 and 7), these bands tend to fluctuate with a varying FMC more 
so than the other bands.  When the degree of curing is not changing significantly, the FMC is rapidly 
rising or declining, and the MIR bands tend to track these changes, particularly band 7.  With specific 
focus between October and December 2006 at Tidbinbilla (outlined by two vertical lines in Figure 
5.7), the curing levels are gradually rising, while the FMC is declining at a faster pace.  By December 
2006, the grassland‟s FMC has dropped below 30%, which is considered as dead matter (Yebra et al., 
2008).  During this timeframe, with the previous knowledge that bands 1 and 2 are rising and 
declining respectively, bands 3 and 4 are rising alongside band 1, but with less amplitude.  With a very 
subtle decline of band 5, bands 6 and 7 are rising, though they both tend to plateau from November 
onwards.  Similar to results found by Yebra et al. (2008), maximum FMC values correspond with 
minimum reflectance values for band 1, 6 and 7, and with maximum reflectance for band 2.  These 
time-series were analysed at all field sites, and it was evident that bands 6 and 7 are most sensitive to 
FMC, but the bands most sensitive to curing are yet to be recognised.  It seems as though no single 
band can detect curing alone, this is investigated in the following section. 
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Figure 5.7 Time-series of bands 1 to 7, Levy rod curing and FMC at Tidbinbilla 
 
5.3.1.3 MODIS band comparisons with Curing  
 
To identify which of the seven bands offer maximum utility in curing assessment, each MOD09A1 
band was compared with curing.  Referring back to Darnum and Tidbinbilla, for example, the results 
at these sites were similar to those found at Caldermeade (Figure 5.4), with band 5 having the weakest 
correlation with curing.  This band not only had a low correlation at these sites, but had shown to have 
the poorest performance in predicting curing across all field sites, regardless of grass type.  Figure 5.8 
plots the seven MODIS bands against curing for all Australian sites categorised into these four grass 
types (from section 4.3.3.5).  Similar trends are observed between grass types, although the mixed 
grasses result in less correlation than improved pastures and native grasses.  This agrees with the 
ANOVA results presented earlier in Table 4.5, where the variance of improved pastures (F = 20.59, p 
< 0.0001) and native grasses (F = 42.26, p < 0.0001) is smaller than the variance between sites of 
mixed grasses (F = 71.61, p < 0.0001).  This variance is most likely due to Durran Durra, which 
neighbours other sites of mixed grasses, but comprises of native grass.  The bands found to exhibit the 
strongest correlations with curing (according to their rmse values) were band 1 (mixed grasses) and 
band 7 (improved pastures and native grasses), which are highly sensitive to changing levels of 
chlorophyll and water content respectively.  Nevertheless, with the exception of Lorna Glen, all rmse 
values exceed 10%, but are all under 25%.  These results advise that no single band can accurately 
predict curing alone; however, it is evident that each band responds to curing. 
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Figure 5.8 Levy rod curing against MOD09 bands for each grass type of Australian sites. 
 
As similar results were generally found for all grass types, the MODIS band data and curing 
measurements were combined together from all sites.  For each band, a linear regression line was 
fitted (not shown) to Levy rod curing against reflectance.  Each regression was then used to predict 
curing.  These predicted curing values have been plotted in Figure 5.9 against the measured Levy rod 
curing values.  Prior to observing the rmse values for each band, it is evident that band 5 has no 
relationship with curing.  As the measured curing values increase, band 5 shows almost no change in 
curing, as values sit between 63 and 65%.  While this research aims to discover an algorithm which 
can monitor curing across all grass types (that is, for all field sites), it seems as though band 5 may be 
less useful than other bands to include in a vegetation index for curing assessment.  This statement, 
however, is purely based on the visual observation made of Figure 5.9, not based on the fact that it 
holds the highest rmse value of 20.28%.  For instance, band 2 has the second highest rmse, of 18.67%, 
yet this band has been widely used in many vegetation indices (§ 2.4.4).  Basically, there is a greater 
difference between band 2 and each other MOD09 band, than between two bands which show the 
same correlation with curing.  For instance, two bands with a low rmse and similar correlations with 
curing, such as bands 1 and 3, would not provide informative results if combined as a ratio.  Moreover, 
substituting band 3 for band 1 in an index is not expected to better predict curing, as it is the difference 
between the bands, which hold interest.  It is still evident, however, that all bands show some spectral 
response to these phenological changes. 
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Figure 5.9 Measured Levy rod curing against predicted curing for each MOD09 band 
 
Factor analysis 
 
In Chapter 4, a factor analysis was used to explore the differences and similarities of the MODIS 
temporal behaviour.  Findings from this analysis were presented in section 4.3.2.3.  It was found that 
the reflectance data from all seven bands were described mostly by Factor 1.  This factor generally 
comprised of spectral data from bands 1, 3, 4, 6 and 7 (Figure 4.12 and Figure 4.14), and bands 2 and 
5 were generally described by Factor 2.  Some variance at Lorna Glen and Simcocks; however, was 
evident for Factors 2 and 3 (§ Figure 4.11), whereby Factor 2 mainly consisted of bands 2 and 5, or 
band 2 alone.  In order to further explore this analysis, it was of interest to identify whether these 
factors relate to curing, and if so, to what degree.  For all sites, three factors were correlated against 
curing, and the band reflectance data were combined together into their known grass types.  For each 
grass type, the measured curing values are plotted against predicted curing obtained from three factors 
(Figure 5.10).  These results agree with findings from Chapter 4, while Figure 5.10 shows that Factor 
3 expresses practically no information, particularly for mixed and native grasses.  Even though this 
factor may describe spectral data from band 5, this band has very little association with curing, as 
shown previously in Figure 5.9. 
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Figure 5.10 Measured Levy rod curing against predicted curing for each factor. 
 
Multiple regression analysis 
 
Thus far, the relationship between curing and each individual band has been explored, but to further 
this investigation, these variables have also been utilised in a standard multiple linear regression 
(MLR) analysis, which generally aims to analyse the relationship between several independent 
variables (x) and a dependent variable (y).  Levy rod curing, the dependent variable, has been 
correlated against all seven bands (the independent variables), expressed as, 
 
  776655443322110 RRRRRRRy  
5.1 
where ε represents the random error term, and β represents the regression coefficient.  For example 
β1(R1) represents the multiplication of the regression coefficient for band 1 and the reflectance value of 
band 1.  In reference to the notation used throughout section 2.4.4: 
 
  221122110 MIRMIRMIRMIRNIRNIRGGBBNIRNIRRR RRRRRRRy  
5. 2 
 
There are two assumptions of this analysis: firstly, for any given set of values of the independent 
variables (the reflectance values of the seven bands), the random error ε has a normal probability 
distribution (with a mean of zero) and standard deviation σ.  Secondly, the random errors are 
independent.  As shown in Figure 5.11, the MOD09 bands are correlated against Levy rod curing (for 
all Australian sites), whereby the curing values predicted from the MLRs are plotted against measured 
Levy rod curing.  This process was completed firstly for all seven bands (Figure 5.11a), and replicated 
for all bands with the exception of one band (Figure 5.11b-h).  These varieties of regressions were 
investigated to find whether any spectral bands provide no information to predict curing, and whether 
a particular band plays a significant role.  Results have shown that the exclusion of just one band has 
made very little difference, particularly when bands 3, 4 or 5 were excluded.  This suggests that these 
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three bands, especially band 5 (Figure 5.11f), have very little impact on detecting the changing levels 
of curing, as found earlier in Figure 5.9.  These rmse values; however, are all very similar, ranging 
from 11.55 to 13.04%, and also relatively small.  As each MLR includes six bands, any MLR with a 
large number of parameters is likely to result in a small rmse.  Even though these MLRs have 
computed similar results, the accuracy of curing prediction (rmse) had dropped the most, on the other 
hand, with the exclusion of band 7, followed by bands 6, 1 and 2.  Therefore, these four bands are 
expected to provide the most information for curing assessment, and hence, they are suitable to utilise 
in vegetation indices for this research.   
 
 
Figure 5.11 Predicted curing computed from variations of a standard MLR using Levy rod 
curing as the dependent variable and the MOD09 bands as the independent variables.   
 
With reference to the vegetation indices selected for this study (Table 4.2 and Table 4.3), further 
(standard) MLRs were analysed using thirteen combinations of the MOD09 bands used for those 
indices (regardless of the formulae).  For each of these thirteen regressions, predicted curing was 
correlated with measured Levy rod curing.  Figure 5.12 simply presents the rmse value for each of 
these combinations of bands, along with the rmse values from the combinations presented in Figure 
5.11.    
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Figure 5.12 Rmse of measured Levy rod curing against predicted curing generated from a 
standard MLR using all seven MOD09 bands and 20 combinations of selected bands. 
 
The objective of this analysis was to identify whether a MLR of two or three specific bands was able 
to exhibit a strong correlation against curing.  This was to create a greater understanding of how 
MODIS spectral bands perform with each other.  Firstly, the combination of bands 2 and 4 have 
shown the highest rmse (of 18.26%), suggesting that the GNDVI (which uses these two bands) may 
not be as sensitive to curing as an index using bands 1, 2 and 7, such as the VI(172) and mNDVI(17), 
or bands 1, 2 and 3, such as EVI and mNDVI.  Generally, these rmse comparisons demonstrate that 
multiple regressions of two or three bands exhibit rmse values almost as low as regressions of six 
bands, and multiple regressions using three bands exhibit lower rmse values than some two band 
regressions.   
 
5.3.1.4 MODIS band comparisons with FMC 
 
As described in section 2.2 and explored in section 3.4.3.3, FMC is closely related to curing (Barber, 
1979; Dilley and Edwards, 1998; Dilley et al., 2004; Millie and Adams, 1999), and as bands 2, 5 and 6 
are sensitive to vegetation water content, these bands are expected to show a similar response to FMC 
as they do to curing.  These FMC and MOD09 comparisons were made for each grass type.  While all 
seven bands respond to curing (Figure 5.8), with rmse values ranging between 5 and 25%, their 
agreement with FMC observations is relatively poor.  As some of these correlations were not 
significant (particularly band 5), these results are located in Appendix 9.5.4 (Table 9.14 and Figure 
9.64).  Throughout the sites of mixed grasses, the high FMC-range at Majura and Tidbinbilla (see 
Figure 3.14) has resulted in extremely high rmse values when correlated against each MOD09 band.  
These high values were also observed for improved pastures.  The FMC estimates at sites of native 
grasses, on the other hand, had shown stronger relationships with MODIS, particularly with band 7.  
As for Lorna Glen (Hummock), all rmse values are low, owing to the small sample size (n = 11).  In 
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general, band 5 has remained a band of particular interest in relation to its unique behaviour with FMC 
and curing.  Similar to Yebra et al. (2008), band 5 has responded the least to FMC, whereas the 
remaining bands have shown to be more sensitive.  It has been reported in the past that the red 
AVHRR band (band 1) has a strong correlation against FMC, though only for single site 
measurements (Paltridge and Mitchell, 1990).  Between field sites, in the current research, this band 
has not exhibited a strong sensitivity.  Across all sites in Australia, the MODIS bands have not 
correlated with FMC as well as they have with Levy rod curing.  This may due to the smaller number 
of FMC samples (n = 111) as compared to curing samples (n = 210) taken across all sites, which has 
reduced the statistical significance of the FMC results. These band-FMC correlations, however, appear 
to be stronger below 100 to 200% (FMC) (Figure 9.64).  As Paltridge and Barber (1988) reported no 
relationship between FMC and a vegetation index (V0) at FMC > 250%, it appeared necessary to 
repeat these band-FMC comparisons for FMC values below this percentage.  Owing to limited data, 
only two data points exceeded this value (of 250%), and so the maximum threshold was reduced to 
100%.  At this FMC percentage, twenty-four data points were removed from the correlations, and 
curing was expected to be at least 40% (Figure 2.3).  Curing values below 40%, and hence FMC 
values above 100% were not vital, as the focus of this research is aimed at the most critical, in terms of 
fire management, time of curing; above 60% cured (below ~60% FMC).  For each grass type, these 
FMC < 100% correlations against each band are presented in Appendix 9.5.4 (Figure 9.65).  As shown 
in Table 9.15, not all correlations are significant; however, compared to Figure 9.64, the 100% 
threshold reduced the rmse values for improved pastures and mixed grasses.  Very little difference was 
made for native grasses as only two data points were removed, and no FMC values exceeded 100% at 
Lorna Glen, hence no difference was made for the native hummock grasslands.  For all sites, on the 
other hand, Figure 5.13 plots all seven bands against FMC < 100%.  Generally, with the exception of 
band 5, all bands responded moderately to changes in FMC, although they all exhibit an error (rmse) 
of ~20%.   
 
 
Figure 5.13 FMC < 100% against MOD09 bands for all Australian sites. 
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5.3.1.5 MODIS band summary 
 
Before proceeding to find the „best‟ vegetation index for curing assessment, the response to measured 
levy rod curing of individual spectral bands has been explored at a great depth.  Preliminary results 
from this chapter and the results from the previous chapter have reported band 5 (MIR2) to have the 
weakest correlation with both curing and FMC, making it the least sensitive to any phenological 
changes in grasslands.  This is interesting since Gao (1996) used this band in combination with band 2 
(NIR1) (as NDWI(5)) to estimate vegetation water content (§ 2.4.4.5).  Nevertheless, the ASD 
simulated bands gave confidence in the MODIS band reflectance data.  These results (Figure 5.3) 
verified that the curing measurements are representative of the MODIS scale.  Therefore, the 
correlations made between MODIS bands and in situ curing measurements are accurate and reliable.  
As curing progresses (and FMC declines), the reflectance of bands 1, 3, 4 (visible) and bands 6 and 7 
(MIR) all increase (more so for 6 and 7).  Meanwhile band 2 (NIR) decreases, and band 5 (NIR) 
fluctuates in both directions.  This was not only evident in the field spectra (Figure 5.2a), but also in 
the MODIS field site time-series (for example, Figure 5.6 and Figure 5.7).  The MODIS bands found 
to have the strongest correlations against curing for each grass type were band 1 (detecting 
chlorophyll), band 6 and band 7 (both detect water content), which all had rmse values below 16% 
(Figure 5.8).  Across all Australian sites, the best curing predicting bands were band 1 and band 3.   
However, as these two bands had shown a very similar positive relationship with curing, it would not 
be useful to use a ratio of these bands in a vegetation index.  This also applies to bands 6 and 7.  With 
band 2 consistently holding a strong negative relationship against curing, the difference between this 
band and band 1, 6 or 7 would expect to be more useful for curing prediction for each grass type.  
These results suggest that an index that exploits the spectral response difference between band 2 and 
either band 1 or 3 would best predict curing across all sites.     
 
5.3.2 MODIS vegetation index sensitivity to curing and FMC 
 
At this stage, there are twenty-five candidate vegetation indices that have potential utility for curing 
assessment.  It was evident that band 5 had very little sensitivity in any phenological changes of 
grassland.  This is shown in sections 3.6.3.2, 5.3.1.1, 5.3.1.3 and 5.3.1.4.  Indices which employ band 
5 (NDWI(5), VI(152), mNDVI(15), mNDWI(567), and mNDWI(56)), were not expected to perform 
well in monitoring curing, however, results to follow present mNDVI(15) and VI(152) to correlate 
quite closely to curing measurements, and a MLR using this band was also shown to perform well in 
the prediction of curing.  The difficulty in distinguishing the greatest performance of all twenty-five 
indices is that they all had very similar associations with curing, and they are all functionally 
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equivalent to NDVI (§ 4.3.3.4).  To find differences between these indices, comparisons have also 
been made between each index and FMC.  Comparisons between each index and the other two curing 
methods (visual and destructive) were also made but are not presented in this thesis owing to an 
insufficient number of samples for quantitative analysis.  
 
5.3.2.1 Time-series 
 
Plots of the twenty-five candidate vegetation indices over time alongside FMC and curing are 
presented in Figure 5.14 for the Silent Grove (Sandstone) site.  This list of indices includes all those 
listed in Table 4.2 and Table 4.3.  All indices generally decline as curing progresses, however, the 
BNDVI does not fluctuate as much as other indices, particularly VI(172).  With the exception of these 
two indices, all other indices generally run parallel to NDVI. 
 
 
Figure 5.14 Time-series of twenty-five vegetation indices, Levy rod curing and FMC at Silent 
Grove (Sandstone) (2005-2008). 
 
5.3.2.2 Correlations between curing and each vegetation index 
 
In order to find the best curing-predicting index, correlations were made between Levy rod curing and 
each candidate vegetation index.  To achieve this, the Pearson r and r
2
 coefficients were primarily used 
to find the strongest correlations at each field site, and the root mean square error (rmse) was used for 
the overall results.  Firstly, the indices with the strongest curing-correlations were recognised for each 
field site.  These index-curing correlations were also compared between seasons (for some sites) to 
justify combining the data from all curing seasons.  Secondly, a best curing-predicting index was 
identified for each grass type (and hence, region).  This was followed by an index, which works best 
across all sites.  Thirdly, these correlations were carried out again, but rather than using data from the 
whole time-series, data points were only used where curing is greater than 60%.  That is, an index was 
recognised for its best performance during the „critical curing period‟.  The next stage of this 
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investigation explores the relationships to curing when these indices are normalised.  And finally, a 
MLR analysis is carried out to find the best model to predict curing.   
 
Single site comparisons 
 
The Levy rod curing samples were correlated against twenty-five vegetation indices at each site. For 
example, in Figure 5.15, the indices at Tidbinbilla with the strongest correlation to curing are: 
VI(152), EVI, WDVI, SAVI and NDVI.  Note that these correlations are all significant (p < 0.0001).  
Basically all indices at this site exhibit a strong correlation with curing.  The correlation coefficients 
for many vegetation indices (in Figure 5.15) are much greater than those for the individual bands.  
This strongly suggests that for curing assessment an index is preferable to an individual band.  In 
contrast, Paltridge and Mitchell (1990) suggested that an atmospherically corrected AVHRR band 1 
reflectance is potentially a more accurate measure of FMC than a combination of bands 1 and 2 such 
as NDVI.  Results from this research had found that band 1 (across all Australian sites) had not 
correlated as closely as NDVI with FMC and with curing.  Like Tidbinbilla, correlations were made 
for all twenty-five indices for all Australian sites.  The coefficients for these correlations are listed in 
Table 9.17 (Appendix 9.5.6).  The interpretation of these correlations is not straightforward.  No one 
or two indices stand out as performing the best at all or most sites.  Several indices tend to recur as 
performing among the best for several sites. At sites where NDVI is not the best performing index, a 
soil-corrected or water index often performs well.  For example, the soil adjusted indices have had the 
strongest correlations with curing at Kilcunda, Simcocks, Colinton (WDVI) and Lakefield (SAVI).  
These sites are located in different regions around Australia and comprise different grass types.  The 
water indices, on the other hand, have performed best at Darnum (NDWI(6)) and Durran Durra 
(GVMI), which also comprise different grass types to each other.  Similarly, the atmospherically 
corrected indices were closely related with curing at another two contrasting sites: Jerona (AFVI(6)) 
and Kaduna (AFVI(7)).  The pigment and chlorophyll content indices also had the strongest 
correlations at a number of diverse sites: Ballan, Caldermeade, Braidwood, Majura, Parry Lagoons 
(mNDVI), Tooradin, Lorna Glen, Ryans Farm (GNDVI) and Tidbinbilla (EVI).  As for NDVI, this 
index had the strongest correlation against curing at the three Kimberley sites. 
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Figure 5.15 Vegetation indices correlated with Levy rod curing (%) at Tidbinbilla 
 
Seasonal comparisons 
 
At this point, it is unachievable to find a single vegetation index that has the strongest relationship 
with curing at all sites.  Owing the variability of grass and soil types and geographical regions, the 
indices are performing differently at each site.  Another potential source of variation, however, is that 
at any given site, these correlations may differ between curing seasons.  Therefore, it was vital to 
ensure that the whole satellite time-series (from each site) was appropriate for comparison with the in 
situ measurements.  Following the seasonal comparisons made between MODIS bands (§ 4.3.2.3); the 
repeatability between seasons of the relationship between NDVI and curing was investigated.  Figure 
5.16 plots curing against NDVI at five sites that were well sampled over multiple seasons.  The small 
variation between seasons supports the assumption, sometimes made although not made explicit; that a 
relationship between a vegetation index and curing that is derived in one season can be applied in a 
predictive way to other seasons.  However, Allan et al. (2003) found significant variation between 
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years for the curing-NDVI relationship at sites in the Northern Territory.  This is evident in Majura 
(ACT) where the relationship for the summer of 2007/2008 is very different from that holding in the 
2005/2006 and 2006/2007 summers.  In 2007/2008, the grasses at this site had been eaten out.  This 
resulted in a lower biomass and higher exposure of bare soil, providing curing measurements that were 
based on very few grass touches and so were less accurate.  Therefore, the NDVI had not declined as 
the remaining grasses had cured.  As this last season provided a poor correlation between curing and 
NDVI, that season‟s data at Majura was removed from the analysis.  However, at the other four sites, 
this correlation had little variation between years, and it was reasonable to combine data from all 
seasons for analysis.   
 
 
Figure 5.16 Levy rod curing against NDVI for separate curing seasons at Silent Grove 
(Sandstone), Mt Hart (Sandstone), Lorna Glen, Tidbinbilla and Majura. 
 
Grass type comparisons 
 
By grouping the sites together in their designated categories of grass type, each of the twenty-five 
indices have been plotted against curing for all Australian sites.  As shown in Figure 5.17, all 
relationships are significant (p < 0.0001) except for correlations made at Lorna Glen (native 
hummock), where the only indices that correlate significantly (p < 0.05) with curing are GNDVI, 
BNDVI, SAVI, mGNDVI(45), WDVI and NDVI. 
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Figure 5.17 Relationship between Levy rod curing and each vegetation index for four grass types 
in Australia (all relationships are significant (p<0.0001) except for native hummock). 
 
The best curing-predicting indices for hummock grasslands are GNDVI (rmse = 4.81), BNDVI (rmse 
= 5.21) and SAVI (rmse = 5.21).  The GNDVI was not expected to agree well with curing as the MLR 
of bands 2 and 4 have been shown to exhibit a weak correlation with curing in Figure 5.12.  As for 
each of the main grass types in Australia, NDVI and mNDVI tend to predict curing most accurately, 
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whereby the rmse values never exceed 11%.  The VI(152) has the strongest correlation with curing 
(rmse = 10.59) for improved pastures, however, it‟s rmse is not that much smaller than the rmse values 
of NDVI (10.85) and mNDVI (10.91).  Even though the VI(152) has been shown to work best for this 
grass type, it‟s improvement over NDVI is only minor, and its curing-relationship for native and 
mixed grasses is weaker than NDVI and mNDVI.  The VI(152) also has less general utility.  While the 
poorest predicting indices for improved pastures, native grasses and mixed grasses are WDVI and 
NDWI(5), no best-predicting index tends to stand out significantly for each grass type.  Several 
indices, however, have been recognised as better performing across each grass type.  As well as NDVI 
and mNDVI standing at the top of the list, the GNDVI is also identified for its best performance at 
Lorna Glen (in comparison with other indices).  In addition to these three, the best-predicting soil-
adjusted index is SAVI, and the best water index is GVMI.  The BNDVI, on the other hand, tends to 
group the grass types tightly together (in Figure 5.17), unlike the NDWI(7), which segregates these 
groups.  A possible reason why BNDVI performs so well is that it uses band 3 (blue) instead of band 1 
(red).  Referring to 2.4.3, chlorophyll absorption is more profound in the blue than in the red.  Overall, 
the relationships held between curing and these indices are remarkably similar to each other, and are 
also similar to the NDVI-curing relationships found in past studies (Allan et al., 2003; Dilley and 
Edwards, 1998).  These relationships will also be compared later between indices from the complete 
time-series of Australian sites. 
 
Critical curing period 
 
To be effective in grassland curing monitoring, an index needs to be effective for the annual life cycle.  
But more importantly, the key critical curing period, when curing is greater than 60%, is of great 
interest to fire and land management agencies.  The utility of these indices was further investigated by 
sub-setting the data, from which these vegetation index-curing correlations were extracted from.  To 
help identify the performance of these indices, the comparisons between the in situ data and satellite 
data were made by only including paired data points where curing exceeds 60% (and increasing) 
during the curing process.  That is, curing values above 60% during the green up are not included in 
these pairwise correlations.  This is to find the best curing-predicting index during the critical curing 
period.  As shown in Figure 5.18, the correlations (of all Australian sites added together) made within 
this timeframe have reduced the rmse values to less than 10%.  This is a clear improvement for curing 
prediction; however, it has not differentiated these indices from each other.  The indices which exhibit 
the lowest rmse values are BNDVI and GVMI for the complete time-series (13.05) and for the critical 
curing period (8.84) respectively.  The other indices, however, are not far behind.  The closeness of 
these correlations, suggests that the accuracy of curing assessment, is not likely to vary between these 
different indices.  Additionally, Figure 5.18 plots the rmse values extracted from correlations made 
with and without Lorna Glen, as this site does not have a significant correlation, and therefore tends to 
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slightly alter the results.  The absence of this site generally reduces the rmse, and hence, improves the 
prediction of curing.  Overall, the best curing-predicting index for all sites (with the exception of 
Lorna Glen), and during the critical curing period, is VI(152), whose rmse is only 8.09%.  This is 
followed very closely by NDVI (rmse = 8.12%) and mNDVI (rmse = 8.17%).  From the complete 
time-series (not just the curing period), and again, without Lorna Glen, NDVI and mNDVI are still the 
most accurate predictors of curing.   
 
 
Figure 5.18 Rmse of Levy rod curing against twenty-five vegetation indices for all Australian 
sites (with and without Lorna Glen) 
 
Normalised vegetation indices 
 
While curing-index comparisons have been made for all Australian sites except Lorna Glen, it is 
possible that by normalising these indices, the “reduction of” land cover differences between and 
within sites may alter the overall results.  As the vegetation indices were normalised by their 
maximum and minimum values in section 4.3.3.3, these normalised indices have also been correlated 
against curing.  Fourteen of these normalised indices and their rmse values have been plotted in Figure 
9.66 in Appendix 9.5.6.  In comparison with the original vegetation indices, and with the exception of 
NDVI, GNDVI, mNDVI and BNDVI, the normalised indices subtly improve the curing prediction 
across all sites, but only by a mean rmse difference of 0.9%.  During the critical curing period, the 
difference between original and normalised indices is even less apparent.  As these rmse differences 
(between the original and normalised indices) are only very small, this technique has not provided any 
further information on which index demonstrates the best prediction of curing. 
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5.3.2.3 Correlations between FMC and each vegetation index 
 
The similarity between these indices has also been found when tested against FMC.  In place of 
curing, Figure 5.19 plots the twenty-five indices against FMC.  For a few field sites, preliminary 
results of these index-FMC correlations are published in Martin et al. (2009a). 
 
 
 
 
 
Figure 5.19 Correlations between FMC < 60% and each vegetation index for four grass types in 
Australia (all correlations are significant (p<0.0001) except for native hummock). 
 
While each grass type is plotted for each index, the rmse values are presented for all Australian sites 
(together).  Unlike the 100% threshold presented earlier for the MODIS band comparisons, a 60% 
threshold is used here to match the critical curing period.  Note that when FMC falls below 50-60%, 
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the curing process becomes irreversible (§ 2.2.2), and curing generally approaches 60%.  Using 
Barber‟s (1990) algorithm (Figure 2.3, § 2.2.3), it is evident that when FMC falls below 10%, the 
degree of curing exceeds 100%.  Even though it could be assumed that curing reaches ~100% when 
FMC drops below 10%, the curing measurements never exceed 100%.  Therefore, all FMC 
correlations are made where 10%<FMC<60%.  The positive linear correlations in Figure 5.19 are 
similar to the VI-FMC relationship found by Paltridge and Barber (1988).  The index which best 
predicts FMC across all Australian sites is mGNDVI(467) (rmse = 8.79), although twenty other 
indices predict FMC with an error (rmse) of less than 10%. 
 
As in Figure 5.18, the rmse values for these FMC-index correlations are plotted in Figure 5.20, in 
which Lorna Glen is included.  For comparisons between each index and curing, most of the Lorna 
Glen correlations were not significant, however, against FMC, a higher number of these correlations 
were significant, where p < 0.05.  The reason behind correlating data from the critical curing period is 
justified here, as all indices are generally sensitive to FMC below 60% (and above 10%).  At higher 
FMC levels, more variation is evident between species and grass type.  In general, Figure 5.20 
demonstrates high similarity between all indices, and for each index, the rmse values are much higher 
for the complete time-series (~40%) than for the critical curing period (~10%).  
 
 
Figure 5.20 Rmse of FMC against fourteen vegetation indices for all Australian sites 
 
5.3.2.4 Vegetation index summary 
 
Out of twenty-five vegetation indices, no single index stands out from the rest, and hence, no single 
index is identified to best predict curing.  A number of indices, however, have been recognised to have 
slightly stronger relationships with curing and FMC than other indices.  A few leading indices have 
been identified for each grass type, for all grass types together, for the complete time-series and for the 
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critical curing period.  During the curing period, all indices remain very similar to each other, 
generally predicting curing with an error of less than 10%.  This small error was also found for most 
indices when predicting FMC (again, during the critical curing period).  The mGNDVI(467) was 
found to best predict FMC (10%<FMC<60%), with an rmse of 8.79, unlike NDWI(5), which 
exhibited the weakest FMC-VI correlation (rmse = 10.92).  Nevertheless, curing is the primary focus 
of this research, and Figure 5.17 had illustrated the strength of these index-curing relationships for 
each grass type.  These correlation coefficients are listed in Table 9.18 (complete time-series) and 
Table 9.19 (critical curing period) of Appendix 9.5.6.  The leading indices are summarised in Table 
5.1 for correlations made from the complete time-series, and summarised in Table 5.2 for correlations 
made where curing > 60%.  
 
Table 5.1 Subset of lowest rmse values from correlations between leading vegetation indices and 
Levy rod curing for the complete time-series.  All (pairwise) correlations are significant (p < 
0.0001) except for Native Hummock correlations, which are significant at p < 0.05. 
All Australian 
sites 
All Australian 
sites except for 
Lorna Glen 
Each grass type 
Improved pastures Mixed grasses Native grasses Native hummock 
VI  rmse VI  rmse VI  rmse VI rmse VI rmse VI rmse 
BNDVI 13.05 mNDVI 11.64 VI(152) 10.78 mNDVI 9.79 NDVI 8.63 GNDVI 4.81 
GBNDVI 13.10 NDVI 11.84 mNDVI 10.87 NDVI 10.52 mNDVI 8.66 PNDVI 4.86 
RBNDVI 13.16 RBNDVI 12.18 NDVI 10.92 RBNDVI 11.12 RBNDVI 8.77 GRNDVI 4.94 
PNDVI 13.20 GRNDVI 12.33 RBNDVI 11.25 GRNDVI 11.21 GRNDVI 8.97 GBNDVI 4.97 
GNDVI 13.27 PNDVI 12.49 mNDVI(15) 11.27 PNDVI 11.54 PNDVI 9.05 RBNDVI 5.01 
GRNDVI 13.30 VI(152) 12.70 mNDVI(16) 11.32 GNDVI 12.03 VI(152) 9.12 BNDVI 5.21 
NDVI 13.42 GBNDVI 12.99 GRNDVI 11.39 GBNDVI 12.08 BNDVI 9.15 SAVI 5.21 
 
Beginning with the complete time-series (Table 5.1), with focus on each grass type, the indices with 
the most response to curing at sites of improved pastures include: VI(152) (rmse = 10.78), followed by 
mNDVI (rmse = 10.87) and NDVI (rmse = 10.92).  For mixed grasses and native grasses, the most 
reliable indices are mNDVI (rmse = 9.79 and 8.66 respectively) and NDVI (rmse = 10.52 and 8.63 
respectively).  The lowest rmse value for hummock grasses is exhibited by GNDVI (rmse = 4.81).  
Within each category, the variation between rmse values is not significant, for example, very little 
difference would be observed if the degree of curing of native grasses was predicted by mNDVI rather 
than NDVI.  However, at mixed grasses the difference between mNDVI and NDVI is more prominent.  
It is also important to note that the rmse values for hummock grasses are small as only one site (Lorna 
Glen) represents this grass type, and little variation is apparent in the curing data at this site.  By 
combining data from all Australian sites, the index with the lowest rmse is BNDVI (rmse = 13.05), 
and excluding Lorna Glen, the top two indices are mNDVI and NDVI (rmse = 11.64 and 11.84 
respectively).   
 
For all twenty-five indices, Figure 5.21 plots measured Levy rod curing against predicted curing.  A 
general observation made here is that all indices do not exactly match the 1:1 line; and hence they tend 
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to over estimate curing at lower curing levels and under estimate at higher curing levels.  This is more 
so for EVI than say BNDVI or GNDVI. While the measured curing samples estimate 100%, the 
vegetation indices are predicting the grasslands to be under 90% cured. 
 
 
 
 
 
   
Figure 5.21 Predicted curing from twenty-five vegetation indices, using data from all Australian 
sites. 
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In comparison with the complete time-series, the critical curing period (Table 5.2), reduces the rmse 
values to below 9%.  NDVI and mNDVI remain the top indices of each grass type, as well as SAVI 
for mixed grasses.  For all sites, the best curing-predicting index is BNDVI (rmse = 8.98).   
 
Table 5.2 Subset of lowest rmse values from correlations between leading vegetation indices and 
Levy rod curing during the critical curing period (> 60%).  All (pairwise) correlations are 
significant (p < 0.0001).  No correlations were made for Native Hummock owing to few curing 
samples (> 60%) at Lorna Glen. 
All Australian 
sites 
All Australian 
sites except for 
Lorna Glen 
Each grass type 
Improved 
pastures 
Mixed grasses Native grasses 
Native 
hummock 
VI rmse VI rmse VI rmse VI rmse VI rmse VI rmse  
BNDVI 8.98 VI(152) 8.10 VI(152) 7.60 SAVI 8.11 NDVI 6.09   
mNDVI(15) 9.02 NDVI 8.20 mNDVI 7.61 mNDVI 8.14 mNDVI 6.17   
GVMI 9.04 mNDVI 8.21 NDVI 7.73 NDVI 8.22 VI(152) 6.19   
mGNDVI(45) 9.06 mNDVI(15) 8.42 GRNDVI 7.76 WDVI 8.23 RBNDVI 6.24   
mNDVI(16) 9.07 VI(172) 8.46 VI(172) 7.79 EVI 8.24 WDVI 6.39   
VI(152) 9.08 mNDVI(16) 8.47 RBNDVI 7.79 GNDVI 8.48 GRNDVI 6.40   
mNDWI(56) 9.09 RBNDVI 8.50 mNDVI(17) 7.85 GRNDVI 8.49 PNDVI 6.47   
 
The closeness of these indices has prevented one or two candidate indices from being selected.  To 
reduce this list of twenty-five, the final aim was to select at least one index from each attribute.  This 
ensures that the best index is identified, for greenness, soil correction, vegetation water content, and 
chlorophyll content.  Referring to Figure 5.17, the best performing soil adjusted index for each grass 
type (out of SAVI and WDVI) is SAVI.  WDVI had shown the least accurate prediction of curing (out 
of the two) for improved pastures, mixed grasses, native grasses and native hummock.  Across all 
Australian sites, however, Figure 5.21 shows that WDVI has a slightly lower rmse than SAVI.  As for 
the atmospheric correction indices, AFVI(6) was found to have a better prediction of curing than 
AFVI(7).  AFVI(7) had shown a relatively poor assessment (compared to other indices) of curing for 
improved pastures, mixed grasses and native grasses, and in relation to selecting the top candidate 
indices, no atmospherically corrected indices were shown to outshine other indices.  As MOD09 is an 
atmospherically corrected product, it is plausible to exclude this attribute from further analysis.  
Comparisons were also made between the chlorophyll sensitive indices.  As shown in Figure 5.17, 
results from mixed and native grasses have shown EVI to be slightly less sensitive to curing than 
GNDVI and mNDVI.  By combining all sites together and from the critical curing period only, EVI 
has the highest rmse (out of all twenty-five indices) (Figure 5.18).  The water content indices, on the 
other hand, all responded well to the seasonal variation of the grasses, and have strong correlations 
against curing, with the exception of NDWI(5).  Out of all water indices, NDWI(5) has the weakest 
relationship across the complete time-series and during critical curing.  For all grass types together, 
this index has shown to be the least sensitive to curing (rmse =15.75) compared to all twenty-five 
indices (Figure 5.21).  The GVMI, however, has provided positive results with stronger relationships 
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for the whole time-series and critical curing subsets for all grass types.  This index has been 
recognised as the most appropriate water index for curing prediction. 
 
By selecting NDVI as the leading greenness index, SAVI for soil correction, GVMI for water content, 
and both mNDVI and GNDVI for chlorophyll content, these indices, listed in Table 5.3 also include 
the BNDVI, which has shown to best predict curing across all Australian sites (as shown in Table 5.1 
and Figure 5.21).  BNDVI was found to have a poorer curing prediction than other indices at improved 
pastures, but found to be one of the best performing indices at sites of mixed (rmse = 12.10), native 
(rmse = 9.15) and hummock grasses (rmse = 5.21).  Correspondingly, across all sites, this index has 
the highest Pearson r coefficient for the whole time-series (r = -0.76, p < 0.0001) and critical curing 
period (r = -0.59, p < 0.0001).  Even though the time-series (§ 4.3.3.3) had shown this index to have a 
relatively shy seasonal variation, this index has performed relatively well for curing assessment, 
possibly owing to the stronger chlorophyll absorption in the blue than in the red.  These candidate 
indices (NDVI, SAVI, GVMI, mNDVI, GNDVI and BNDVI) will be tested with spatial scale in the 
following chapter.   
 
5.3.3 Multiple linear regressions and curing 
 
In addition to the candidate indices, which agree well with curing measurements, the best prediction of 
curing is generated from a number of multiple linear regressions (MLRs).  These MLRs consist of 
specific MODIS bands and vegetation indices.  Having said this, one particular index has brought 
some interest.  This index is the CAI (see Equation 2.29, § 2.4.4.4), which uses three wavelengths 
including 2100 nm.  At this wavelength, a cellulose absorption trough is apparent in cured grass, but 
not in green grass or bare soil (Nagler et al., 2003).  This was observed at the Caldermeade and 
Kaduna field sites (Figure 3.20 and Figure 3.21).  After Guerschman et al. (2009) (§ 2.4.4.4), two-
hundred MLRs were tested to predict curing for all Australian sites (combined together).  While many 
MLRs provided rmse values of around 10% (for the complete time-series), the candidate MLRs were 
selected accordingly with the Bayesian information criterion (BIC) (Schwarz, 1978).  This criterion 
scores each regression on its rmse and on its number of parameters.  Note that a higher number of 
parameters will always result in a lower rmse value.  These MLRs are listed in Table 9.20 (Appendix 
9.5.6), and the rmse values for the candidate twenty MLRs are plotted in Figure 5.22.  These MLRS, 
which utilise no more than three parameters, all exhibit low BIC scores, and they all predict curing 
with rmse values under 11% for the complete time-series and ~8% for the critical curing period.  In 
comparison with Figure 5.18, the exclusion of Lorna Glen from the complete time-series had not 
improved the prediction of curing. 
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Figure 5.22 Rmse of Levy rod curing against twenty MLRs for all Australian sites, with and 
without Lorna Glen for the complete time-series and for the critical curing period. 
 
The best performing MLR containing just two parameters is the Guerschman et al. (2009) NDVI-
VI(7/6) regression, denoted in this thesis as MLR (a).  As shown in Figure 5.23, this multiple 
regression predicted curing with an rmse of 10.36%.   
 
 
Figure 5.23 Correlations between measured Levy rod curing and predicted curing from seven 
candidate MLRs for all Australian sites. 
 
Next, the MLR found to best predict curing (containing more than two parameters), with a 10.00% 
rmse, is the MLR of NDVI, VI(7/6) and band 5, denoted as MLR (b).  This MLR has the strongest 
correlation with curing (out of all MLRs).  Five other MLRs presented in Figure 5.23 also exhibit 
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strong curing correlations.  Not only do they have low rmse values of ~10% but their regression lines 
are moderately close to the 1:1 line.  This is also evident for the dataset of all Australian sites with the 
exception of Lorna Glen (Figure 9.67 in Appendix 9.5.7) and for the critical curing period dataset 
(Figure 9.68 and Figure 9.69). 
 
The MLR (b) has a slightly stronger correlation with curing than MLR (a), and also holds the smallest 
BIC score, owing to its small rmse and small number of parameters.  The reason why these three 
parameters work well with one another is because they all perform slightly different tasks.  NDVI is 
sensitive to chlorophyll (band 1) and scattering of cellulose (band 2).  As band 2 has shown to 
consistently hold a strong negative correlation against curing, this band was expected to deliver useful 
information in any index, and NDVI has shown to agree well with curing measurements for each grass 
type.  The VI(7/6) is sensitive to cellulose, but bands 6 and 7 are also sensitive to vegetation water 
content.  The reason behind the performance of band 5, on the other hand, has remained uncertain.  
This band is recognised for its sensitivity to cellular structure (Knipling, 1970), internal leaf scattering 
(Alexander and Millington, 2000), scattering between leaves, transmittance of radiation through grass 
leaves, and hence soil background (§ 2.4.3).  Meanwhile, it is reported to have a weak cellulose 
absorption (Gao, 1996), and it is expected to work well in detecting vegetation water content (Cheng 
et al., 2006; Zarco-Tejada et al., 2003).  By itself, this band has practically no detection of any 
phenological changes in grasslands (§ 5.3.1.3), yet with other parameters, this band has contributed to 
the best prediction of curing.  
 
5.4 SUMMARY  
 
This chapter has built on the results from both Chapter 3 and Chapter 4, to explore the relationships 
between the MODIS bands and vegetation indices with in situ measurements of FMC and curing.  At 
this stage of the research, it was hoped that one vegetation index would stand out significantly from all 
other indices in the ability to best predict curing.  The investigation of each MOD09 band was aimed 
at narrowing down the search for this candidate index in hope to report a vegetation index that not 
only works best for each grass type, but works best across Australia and New Zealand.  The findings 
were more complex than anticipated.  Twenty-five vegetation indices were tested, alongside NDVI, 
for their ability to predict curing, and no index significantly predicted curing any better than NDVI.  
Therefore, a selection of the best performing indices for each attribute was able to reduce the list of 
twenty-five down to six.  These six indices will be carried on for further analysis in the next chapters, 
as well as the MLR (a) and (b), which performed better than any single index.  
 
In summary, all MOD09 bands respond to curing but the moderately weak relationships suggest that 
no single band can predict curing alone.  For individual grass types, bands 1 and 3 (sensitive to 
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chlorophyll), and bands 6 and 7 (sensitive to water content) were found to have the strongest 
correlations against curing (all with rmse values below 16%) (Figure 5.8).  But as their relationships 
with curing are very similar, a ratio of these bands (for example, band 1 and 3) were expected to 
contribute to a poor performing index.  Therefore, an ideal index would be expected to use either band 
1, 3, 6 or 7 with band 2, which consistently exhibits a strong negative correlation with curing.  In 
addition, the findings from the MLR analysis agree with the high importance of bands 1, 2, 6 and 7.  
This analysis also suggested that indices using bands 2 and 4 are not likely to respond well with curing 
(Figure 5.12), however, the GNDVI has shown to best predict curing at the hummock grassland site. 
 
Following on from these band-curing relationships, twenty-five vegetation indices (including NDVI) 
were examined for best performance in curing prediction.  The closeness of these indices suggested 
that the accuracy in curing prediction is not likely to vary significantly with the choice of different 
indices.  However, the six candidate indices listed in Table 5.3 are representative of all other indices in 
each of their attributes.   
 
Table 5.3 Six best indices and two best MLRs with their rmse values to predict curing. 
Attributes Vegetation Index 
rmse (%) 
Complete time-series Curing > 60% 
All sites 
Without 
Lorna Glen 
All sites 
Without 
Lorna Glen 
Greenness NDVI 13.42 11.84 9.35 8.20 
Soil correction SAVI(L=0.5) 14.74 13.68 9.84 8.90 
Water content GVMI 13.87 13.88 9.04 8.79 
Leaf pigment and 
chlorophyll content 
mNDVI 14.26 11.64 9.70 8.21 
GNDVI 13.27 13.10 9.18 8.74 
BNDVI 13.05 13.04 8.98 8.65 
MLR (a) NDVI-VI(7/6) 10.36 10.46 8.46 8.19 
MLR (b) NDVI-VI(7/6)-band 5 10.00 10.21 8.21 8.07 
 
NDVI was chosen, because of its ubiquitous use, to represent all indices monitoring greenness.  In 
most cases, NDVI was found to be one of the best performing indices, with the exception of the 
critical curing period (for all Australian sites) where thirteen other indices performed slightly better 
than NDVI.  The strengths of their correlations with curing, on the other hand, were all very high.  The 
soil adjusted indices (WDVI and SAVI) did not perform any better than other indices, but on a per 
grass type basis, SAVI predicted curing more closely than WDVI.  SAVI is vital to keep in the 
upcoming part of this research, as the nature of this type of index accounts for variations in canopy 
cover, and hence exposure to bare soil.  With various spatial scales to be explored in the next chapter, 
this index is expected to perform just as well for any size pixel window as it does for single pixel data.  
The water indices, on the other hand, are likely to vary between datasets captured from one pixel, nine 
pixels and so on.  For the hummock grassland, no water indices have significant relationships with 
curing, although NDWI(6), NDWI(7) and GVMI have significant relationships (p < 0.05) with FMC.  
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For each grass type, and across all sites (for the whole time-series and during the critical curing 
period) GVMI was found to lead in front of the other water indices, this index was followed closely by 
NDWI(6).  Both indices utilise bands 2 and 6, these two bands were expected to perform well in an 
index for curing assessment.  Finally, the performance of the mNDVI and GNDVI were too close to 
decide on one index.  The mNDVI was first considered for its strong correlations with curing at the 
main grass types, however, unlike GNDVI, its curing-relationship for native hummock was not 
significant.  The BNDVI has also been included as this index has demonstrated exceptionally accurate 
predictions of curing.  With the addition of the MLRs, which perform better than any index alone, 
comparisons will be made in the next chapter in terms of how well they work with variations of spatial 
scale. 
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6 TESTING THE ROBUSTNESS OF VEGETATION INDICES 
TO PREDICT CURING ACROSS SPATIAL SCALES 
 
 
In order to predict curing at a whole landscape-scale around each site in Australia, this chapter 
addresses Research Question 4 (§ 1.3.1) by investigating how factors such as bodies of water and 
amount of tree cover affect the robustness of vegetation indices to predict curing with spatial scale.  In 
Chapters 4 and 5, MODIS reflectance data were captured from a single pixel and the six best 
performing candidate vegetation indices and two multiple linear regressions (MLRs) (Table 5.3, § 5.4) 
were recommended for curing assessment.  As these indices were found to exhibit strong correlations 
with curing measurements, this chapter reports the same correlations captured from different size pixel 
windows.  The aim of this chapter was to meet a number of key research objectives.  The first was to 
identify the spatial structure of field sites.  This entailed the assessment of semivariance at different 
curing levels, as the homogeneity of a field site may not only depend on differing land-cover surfaces, 
but also on different curing levels.  Between sites, the onset and rate of curing was quite variable (§ 
3.4.3), and such variation may be evident within each field site.  The second objective was to find the 
best performing vegetation index or MLR (for curing prediction) taking into account variation in 
spatial scale.  In the course of this analysis, the purpose was to determine the most appropriate pixel 
window size for most field sites, and the most appropriate statistical technique to compute the mean 
reflectance for each window.  Additionally, a number of sites located close to one another were 
combined to compare various size windows over large areas including the Kimberley, ACT and South 
Gippsland regions.  In terms of curing assessment over a whole landscape, results presented in this 
chapter will depict which vegetation indices and MLRs are least sensitive to spatial scale. 
 
6.1 INTRODUCTION 
 
The results presented thus far were based on measurements taken from field sites, whereby in situ 
measurements were correlated with MODIS data captured from a single 500 m pixel.  This window 
size (one pixel) was utilised to avoid contaminated data from mixed pixels, particularly at 
heterogeneous sites such as Simcocks.  At many homogeneous sites; however, previous results (§ 
3.3.3) identified the field sampling points to represent their whole 1.5 * 1.5 km area (3 * 3 pixels), and 
at some sites, these sampling points were representative of a whole 3 * 3 km scene (6 * 6 pixels).  At 
this stage of the research, assumptions were made that each field site was representative of its 
surrounding area; however, the key task in this chapter was to investigate how large the “surrounding 
area” of each site is, that is, how representative of the wider landscape the site is.  The purpose of 
carrying out this investigation was to assess curing over a much larger area of grassland.  Instead of 
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Lakefield representing a 500 * 500 m area, for example, the curing prediction of this site may perhaps 
represent all tropical native grasses located within 50 km (or even further) of the field site.  Likewise, 
Caldermeade, Kaduna, Tooradin, Darnum and Kilcunda may each represent all improved pastures in 
the South Gippsland region of Victoria, and each of the Kimberley sites may represent all native 
grasses in the Kimberley region.  
 
6.1.1 Background 
 
In Chapter 3 (§ 3.3.3), variation was found between field sites in terms of their spatial homogeneity 
(and hence, heterogeneity).  Therefore, the spatial scale required for capturing curing is likely to vary 
between sites.  Depending on the land surface properties being measured and the information required, 
satellite remote sensing generally captures spectral information at many different spatial scales.  
Choosing the most appropriate scale and window becomes quite complex, therefore, many researchers 
investigate the heterogeneity in images and their spatial structure (Atkinson, 2004; Hill et al., 2006; 
Woodcock and Strahler, 1987; Zhang et al., 2003).  For example, Zhang et al. (2003) used fine spatial 
resolution imagery to find that a larger size window of 1 m resolution does not improve the detection 
of heterogeneity of grasslands, whereas a larger window of 30 m imagery does, and Hill et al. (2006) 
found the variation of fine scale spatial resolution within a MODIS 1000 m pixel to be much greater 
than the variation between a window of 1000 m pixels.  For this research, 25 m Landsat images were 
assessed for each field site (§ 3.3), and it was concluded that a single MODIS (500 m) pixel was the 
most appropriate size window for this research.  In comparison with findings from Hill et al. (2006), 
Figure 3.7 demonstrated that the variation between 25 m Landsat pixels (within the central simulated 
MODIS pixel) was generally greater than the variation between nine 500 m MODIS pixels.  This was 
found for all sites, with the exception of Caldermeade (with no significant difference) and Simcocks.  
As Simcocks is surrounded by forest (Figure 3.5), the higher variation between all nine MODIS pixels 
was expected.  At the homogeneous field sites, the curing measurements are likely to correlate just as 
strongly from a 3 * 3 pixel window as from the single central MODIS pixel.  If the curing-index is 
scale invariant, the expanding pixel window will not affect the accuracy, but at heterogeneous sites, 
the accuracy is likely to fall. 
 
In contrast with employing a variation in spatial resolution, many past studies have examined satellite 
data using different size pixel windows (of the same spatial resolution).  In Central Spain, Saura and 
San Miguel-Ayanz (2002) used 188 m (satellite wide field sensor) data to assess forest cover from 
different windows: 3 * 3, 7 * 7, 15 * 15, 20 * 20, 30 * 30, 40 * 40 and 50 * 50 pixels.  Also assessing 
forest cover, Daley et al. (1998) used 1 m resolution for windows of 3 * 3, 5 * 5 and 7 * 7 pixels to 
determine tree crown positioning.  Salovaara et al. (2005) used different size windows to test how 
accurately different forest types can be defined using 30 m Landsat ETM+ data.  A window of 360 * 
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450 m (12 * 15 pixels), for instance, was noted to contain mixtures of more than one forest type, yet a 
smaller window of 150 * 150 m (5 * 5 pixels) will be affected by local noise (Salovaara et al., 2005).  
Using a coarser spatial resolution, White (2002) used 500 m MODIS data to compute NDVI and EVI 
to analyse the timing of tree budburst in Germany from six different windows: 3 * 3, 5 * 5, 7 * 7, 9 * 
9, 11 * 11, 13 * 13 pixels.  In this past study, no significant differences were found between windows.  
Conversely,  Leblon et al. (2003) and Yebra et al. (2008) used a 3 * 3 pixel window for computing a 
mean reflectance from 1000 m AVHRR and computing a median value from 500 m MODIS imagery 
respectively. Even though many researchers have used the mean reflectance value of a 3 * 3 window 
(Roberts et al., 2005), the median is also used quite frequently as it is less affected by extreme values 
(Verbesselt et al., 2006).   
 
6.2 METHODOLOGY 
 
In order to test vegetation indices with spatial scale, this research compared satellite and in situ 
correlations between different windows, and also tested different measures of central tendency.  The 
candidate vegetation indices from Table 5.3 (§ 5.4) were tested from eight different pixel windows.  
For each of these eight windows, seven trimmed means were tested, whereby the minimum degree of 
trimming (α = 0%) coincides with the arithmetic mean, by trimming the outer 25% of each tail (α = 
25%), this computes the interquartile mean (IQM), and the maximum trimming (α = 50%), equates to 
the median (Zar, 1999).  Even though the median of each window avoids extreme outliers, this 
measure may not be the most appropriate statistic for this current research as this measure does not 
represent a whole landscape.  With variation in spatial scale, the median may possibly be captured 
from the same pixel.  Nevertheless, the median will be tested against the other six trimmed means to 
thoroughly explore the best measure (of central tendency) for representing various sized windows.  
Using the same data protocol as in Chapter 4 (§ 4.2.2 and 4.2.3), the MODIS observations were 
filtered from the central pixel, but not from the eight windows.   
 
6.2.1 Spatial scale  
 
In order to identify whether each site is surrounded by similar land cover, hence each sampling site is 
representative of the area, comparisons were made between different spatial scales.  This was also to 
determine the degree to which the various vegetation indices (or MLRs) vary with spatial scale.  In 
order to keep the sampling site in the middle of each pixel window, the window requires a central 
pixel.  The eight windows used for this study, all comprised of 500 m MODIS pixels, and are listed in 
Table 6.1. 
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Table 6.1 List of MODIS 500 m pixel window sizes. 
Window (x * x pixels) Number of pixels Window (x * x km) Area (km2) 
3 * 3 9 1.5 * 1.5   2.25 
5 * 5 25 2.5 * 2.5         6.25 
11 * 11 121 5.5 * 5.5      30.25 
21 * 21  441 10.5 * 10.5  110.25 
35 * 35 1225 17.5 * 17.5  306.25 
49 * 49 2401 24.5 * 24.5  600.25 
75 * 75 5625 37.5 * 37.5  1406.25 
99 * 99 9801 49.5 * 49.5   2450.25 
 
A number of statistical methods, including correlograms and Fourier transforms, can be used to 
quantify spatial properties of the Earth surface (Curran, 1988).  For this research, the semivariogram (a 
function of semivariance against lag) was used to describe the patterns of spatial variability for two of 
the field sites.  Used to investigate the spatial dependence of a landscape (Schabenberger and Gotway, 
2005), this measure can estimate the average value of curing within a given region, and can then 
interpolate curing at a location which has not been sampled in the field.  The method of estimating any 
property across a given region is known as kriging (Curran, 1988).  After Johansen et al. (2007), a 
semivariogram of each field site was calculated for each reflectance band.  This was to identify the 
spatial structure of each site following the previous analysis of fine resolution imagery (§ 3.3.3).  
Semivariograms were generated using the Rook‟s neighbourhood rule, whereby pixels were selected 
above, below, and to the right and left sides of each pixel within the MODIS spatial subset. 
 
6.2.2 Measures of central tendency  
 
In order to avoid any extreme values from each size pixel window, the average reflectance value for 
each window was explored using a trimmed mean, whereby the lowest and highest α% is removed 
(trimmed) from the dataset.  A trimmed mean is a robust measure of central tendency.  To determine 
the most appropriate measure for this investigation, seven different trimmed means were examined at 
each field site.  The trimmed means used in this study were the arithmetic mean (α = 0%), median (α = 
50%), IQM (α = 25%), as well as the trimming of the following outer percentiles: 5, 10, 15 and 20%.  
Comparisons were made between the central pixel and each of the trimmed means for eight different 
sized windows (Table 6.1).  To compare the central pixel with each trimmed mean, the reflectance 
data from each window were correlated against the in situ Levy rod curing measurements (Chapter 3).  
These datasets were matched up using the same approach as in Chapter 5 (§ 5.2).   
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6.3 RESULTS AND DISCUSSION 
 
In order to investigate the effects of spatial scale on curing assessment (§ 1.3.1), the following section 
presents the prediction of curing for each field site from various size MODIS pixel windows.  Firstly, 
at the Ballan and Lakefield field sites, comparisons were made of the spatial variance at different 
curing levels.  This was achieved by using the first four MODIS bands.  While some variation would 
be expected between all field sites, particularly those of different grass types, these two sites are 
presented as examples, which represent (or are indicative of) improved pastures and native grasses 
respectively.  The semivariance at these sites was explored to identify which spectral bands are 
sensitive to different land-cover properties across a landscape.  Secondly, correlations were made 
between curing and each vegetation index derived from the various size pixel windows.  Across some 
heterogeneous field sites, the rmse values were shown to increase with increasing window size.  
Therefore, this analysis was used to investigate which vegetation index and MLR maintains high 
performance of curing prediction across spatial scales. 
 
Prior to discussing the results from this chapter, it was noted that it cannot be assumed that the degree 
of curing at the centre of the sample site represents the curing levels across the whole landscape.  
Since in situ measurements were only taken at the centre point, it is hoped that the satellite 
measurements can accurately depict curing levels at different spatial scales where in situ 
measurements have not been taken.  The candidate vegetation index that is least sensitive to spatial 
variation is therefore the least sensitive to non-curing related factors.    
 
6.3.1 Semivariance of MODIS pixels 
  
The semivariogram is a spatial statistical technique to investigate the spatial complexity of landscapes.  
The maximum variance is known as the sill, and the lag (distance) to which the variance reaches 95% 
of the sill is the range (Curran, 1988).  As shown in Figure 6.2 and Figure 6.3, the semivariograms of 
the Ballan and Lakefield field sites do not always reach a sill.  When a sill is not reached, this is 
generally due to a number of factors, such as the heterogeneity of the site‟s surrounding area, and in 
this case, the spatial variation of curing rate and onset.  The mean reflectance value of each MODIS 
band may not be constant across the whole scene.  On the other hand, the mean could be the same 
across the whole window (a second-order stationary process), but the greatest distance (Perry and 
Lautenschlager) for which the semivariogram can be estimated is smaller than the range 
(Schabenberger and Gotway, 2005).  Note that a stationary process assumes that the correlations 
between variables do not vary with spatial position (Johansen et al., 2007).  A semivariogram which 
does not reach a sill may also be due to an intrinsically stationary process, where the variogram must 
satisfy: 
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Where γ represents the semivariogram, and h represents the lag (distance) (Schabenberger and 
Gotway, 2005). 
 
Using the NDVI-Levy rod curing regression of improved pastures, calculated in Chapter 5 (Predicted 
Curing = -134.68*(NDVI) + 138.68), the spatial variation of Ballan has been examined from ten 
different days, highlighted in Figure 6.1, which illustrates the predicted curing time-series of this field 
site.  The curing levels range from 25 to 100%.  Note that these days were simply selected to generate 
a wide variety of curing values, and that the three dates: 25/05/2007 (62.29%), 25/07/2007 (34.44%) 
and 07/09/2007 (25.41%) are during the greening up phase of the phenological cycle.  
 
 
Figure 6.1 Ballan curing time-series (marked by selected dates for semivariance assessment) 
computed from improved pastures NDVI-curing regression:  
Predicted Curing = -134.68*(NDVI) + 138.68. 
 
The overall semivariance for each band at Ballan (improved pastures) and Lakefield (native grasses) is 
typical of the semivariograms observed at most field sites, although, minor differences were found 
between sites.  Not only do some semivariograms fall short of attaining a sill, but there is also little 
nugget variance (the „y‟ intercept of the semivariogram).  This suggests that at Lakefield when grasses 
reach ~73.21% cured, there is little spatially independent variance (Curran, 1988).  At 45.90% cured, 
on the other hand, the observed nugget variance suggests otherwise.  This effect is due to either 
sampling (measurement) error or very small-scale irregularities of the land surface (Ripley, 1981).  In 
addition, the range of the semivariogram determines the distance at which pixels are no longer related 
to one another.  This is generally associated with the size of the most dominant land-cover type across 
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a scene (Curran, 1988; in Johansen et al., 2007).  At Ballan, which is described as (relatively) 
homogeneous in section 3.3.3 (Figure 3.3), this site has shown that for this size pixel (500 m) the 
variance is still increasing, as grasses cure, even at a distance (Perry and Lautenschlager) of 73 km 
(146 pixels).  This is probably due to variations in the progress of curing and variation in land-cover 
type.  The variation of land cover at this site is not apparent across a 3 km scene (§ 3.3.3.1); however, 
is likely across a larger area.   
 
As shown in Figure 6.2, the highlighted dates (from Figure 6.1) are labelled with their corresponding 
(predicted) curing values at Ballan.  At Lakefield, Figure 6.3 demonstrates the predicted curing values 
(also from ten different days) derived from the native grasses linear NDVI-Levy rod curing regression: 
Predicted Curing = -100.5*(NDVI) + 115.7 (Chapter 5).  At Ballan, bands 1 and 3, which are both 
sensitive to chlorophyll absorption (§ 2.4.3), demonstrate that the landscape appears homogeneous 
when grasslands are green.  These bands (and band 4) show that this site becomes increasingly less 
homogeneous as curing progresses, but at the highest levels of curing, the semivariance declines.  This 
not only suggests curing to be an additional factor of spatial homogeneity, but shows this site to be 
least homogeneous at intermediate curing levels. 
 
 
Figure 6.2 Ballan semivariograms of bands 1 to 4 (a to d) for a 293.5 * 293.5 km (587 * 587 pixel) 
window on ten different days.  Each plot represents a predicted curing value (of each day) from 
the improved pastures NDVI-Levy rod curing regression estimated at this field site. 
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In contrast, high variability is evident at Lakefield, as the visible bands show that Lakefield (Figure 
6.3) is not as homogeneous when grasses are green but becomes more homogeneous at the point when 
grasses are approaching 70% cured.  The semivariance at this site is also greater at intermediate curing 
levels, but these curing levels are much lower than levels at Ballan when heterogeneity is strongest 
(~40%).  It is assumed that as Lakefield‟s grasses are approaching 45% cured (for example), the 
grasslands surrounding this site are either well above or well below this curing percentage.  The spatial 
variance is also higher at this site (than at Ballan) owing to mixed land-cover types, particularly to the 
east side of the field site (Figure 9.15, § 9.2.2.2). 
 
 
Figure 6.3 Lakefield semivariograms of bands 1 to 4 (a to d) for a 293.5 * 293.5 km (587 * 587 
pixel) window on ten different days.  Each plot represents a predicted curing value (of each day) 
from the native grasses NDVI-Levy rod curing regression estimated at this field site. 
 
Between these two sites, there is slight variation of the change in semivariance as curing progresses.  
This is potentially owing to the contrasting grass types that these sites feature, and also the differences 
in topography and land-cover types that surround each site.  In general, Ballan appears homogeneous 
at lowest curing levels.  When grasslands are green, for example, the grasslands across the landscape 
are typically approaching their maximum levels of moisture content and chlorophyll content.  At this 
site, the high levels of chlorophyll are detected by the visible bands, whereas at Lakefield‟s native 
grasses, the chlorophyll levels tend to vary across the landscape.  As band 2 has a negative correlation 
with curing, and that of the remaining MOD09 bands is positive (§ 5.3.1.3), band 2 provides 
contrasting results to bands 1, 3 and 4.  Generally, this band (NIR) is sensitive to cell structure (§ 
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2.4.3), and so it illustrates that at both field sites, the landscapes are least homogeneous when 
grasslands are green.  This is because at this stage of the phenological cycle, the grasses are still 
actively growing and covering the landscape.  As grasses cure, on the other hand, the cell structure 
does not change much, as where the loss of moisture and changes in chlorophyll content are profound.  
Therefore band 2 shows the landscapes to be homogeneous at high curing levels.  Moreover, as curing 
progresses at each site, the rate and onset of curing varies across the landscape.  Across a small area of 
1.5 * 1.5 km (3 * 3 pixels), for instance, the variation in curing is likely to be small, but for a larger 
area of 49.5 * 49.5 km (99 * 99 pixels), the variation is greater and the accuracy of curing prediction 
from satellite is likely to decline.     
 
6.3.2 Spatial scale comparisons from satellite observations 
 
In Chapter 5, curing was predicted by capturing satellite data from the central pixel (rather than the 3 * 
3 window) to avoid contamination from non-grassland covers.  This measure; however, is not as 
statistically robust as a mean of a number of pixels.  Using the candidate vegetation indices and MLRs 
from Table 5.3 (§ 5.4), comparisons were made between eight satellite pixel windows (Table 6.1) and 
seven trimmed means (including the arithmetic mean) to identify which combination provided the best 
prediction of curing at most field sites, to later determine the vegetation indices and MLRs least 
sensitive to spatial scale.  These spatial comparisons were first used to investigate the temporal 
variation of NDVI at each site.  This was to determine the maximum window size for each site that is 
not affected by non-grassland surfaces.  Spatial comparisons were then used to test the prediction of 
curing by exploring the most appropriate measure of central tendency and the best performing index 
(and MLR).  This was carried out by correlating (in situ) Levy rod curing measurements with the 
satellite reflectance data of each index for each trimmed mean and each window size.  Comparisons 
were made between the rmse values computed from these curing-index correlations. 
 
6.3.2.1 NDVI time-series 
 
Prior to investigating the prediction of curing from indices such as NDVI, it is important to first 
understand how the monitoring of curing from NDVI degrades with spatial scale.  This degradation 
was explored by comparing NDVI time-series captured from different size pixel windows.  These 
time-series are presented in Appendix 9.6.1.1 for each Australian site and in Figure 6.4 for just six 
field sites.  As well as the central pixel, these time-series include only five of the pixel windows from 
Table 6.1 (3 * 3, 5 * 5, 11 * 11, 49 * 49 and 99 * 99), and are also captured using the arithmetic mean.  
Since the MODIS data were only filtered from the central pixel (§ 6.2), anomalies, caused by 
atmospheric effects, are expected to appear for the larger pixel windows.  However, as shown in 
192 
 
Figure 6.4, the 99 * 99 window has captured just three anomalies at Ballan, and only one at each of 
Simcocks, Ryans Farm and Braidwood.  Referring to Appendix 9.6.1.1, no more than three anomalies 
were evident at Brooklyn, Tooradin, Darnum, Kaduna, Kilcunda, Caldermeade and Parry Lagoons.  At 
these sites, the trimming of the mean is likely to remove these anomalies, yet only minor changes are 
anticipated.   
 
 
Figure 6.4 NDVI time-series for all pixel windows, except for 21 * 21, 35 * 35, and 75 * 75 (using 
the arithmetic mean) at six field sites: Ballan and Simcocks (improved pastures), Lakefield and 
Ryans Farm (native grasses), Braidwood and Tidbinbilla (mixed grasses. 
 
Assuming that the central pixel captures the whole phenological cycle, the 99 * 99 window fails to 
track the greenest and driest conditions at field sites surrounded by tree cover (Simcocks, Braidwood 
and Tidbinbilla).  At Simcocks, for instance, the central pixel was found to be the only pixel capturing 
a homogeneous area.  As investigated previously in Chapter 3 (§ 3.3.3.3), the 3 * 3 window at this site 
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had a greater spatial variation, with a CV of 0.209, than the central pixel, with a CV of only 0.161.  In 
Figure 6.4; however, the 3 * 3 window has performed quite well in comparison with any windows 
greater than 5 * 5 pixels.  The 3 * 3 window has still shown to track the majority of the phenological 
cycle over time, but has not monitored the driest conditions as closely as the central pixel.  In general, 
Figure 6.4 illustrates that the close agreement between window sizes suggests a more homogenous 
landscape, and the large variation with window sizes suggests a more heterogeneous landscape.  At 
Ballan and Lakefield, where it is least homogeneous during intermediate curing levels (§ 6.3.1), the 
different windows tend to track NDVI equally, especially at Lakefield.  At these two sites, and at 
Ryans Farm, the prediction of curing is expected to maintain its accuracy with changes in spatial scale.  
Referring to Appendix 9.6.1.1, this is also evident at all four Kimberley sites, Lorna Glen, Majura, and 
all Victorian sites.  Even at Kilcunda, which is located right next to the ocean, the 99 * 99 window has 
successfully tracked the year to year variation of grasslands.  At the remaining field sites (Braidwood, 
Brooklyn, Colinton, Durran Durra, Tidbinbilla, Simcocks and Jerona), the amount of tree cover needs 
to be taken into consideration.   
  
6.3.3 Spatial comparisons for curing prediction 
   
The following results presented in this chapter are based on correlations made between in situ Levy 
rod curing measurements (Chapter 3) and MODIS satellite observations from different size pixel 
windows.  The linear regressions computed from these correlations are used to predict curing, and the 
rmse values obtained from these correlations are compared against spatial scale.  
 
6.3.3.1 Measure of central tendency 
 
Beginning with NDVI, no matter which trimmed mean was examined; all means demonstrated, with 
the exception of four field sites (Tidbinbilla, Braidwood, Darnum and Tooradin), that the NDVI-
curing correlations remained quite strong; holding rmse values below 10% for all windows.  This was 
not the case for Tidbinbilla, as shown in Figure 6.5.  Where „1‟ represents a 1 * 1 pixel window 
(central pixel) and „35‟ represents a 35 * 35 pixel window, Tidbinbilla only exhibits rmse values 
below 10% from the central pixel, 3 * 3 and 5 * 5 pixel windows.  A window any larger, results in a 
weaker correlation, which is not able to provide a robust measure of curing across the landscape.  With 
reference to Appendix 9.6.1, at Braidwood (Figure 9.71), Darnum (Figure 9.72) and Tooradin (Figure 
9.73), the prediction of curing remains accurate as far as 49 * 49, 21 * 21 and 35 * 35 pixels 
respectively.  The highest rmse values; however, are found at Tidbinbilla, which do not support a 
confident or accurate prediction of curing.  It was therefore concluded that this site is not as 
representative of the surrounding landscape as other field sites. 
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Figure 6.5 Tidbinbilla correlations between measured Levy rod curing and predicted curing, for 
each size pixel window 
 
As shown in Figure 6.6, at ten other field sites (Braidwood, Brooklyn, Caldermeade, Colinton, 
Darnum, Jerona, Kaduna, Kilcunda, Lakefield and Lorna Glen), the strength of the NDVI-curing 
relationship generally declines with increasing window size, similarly for all trimmed means.  This is 
expected as the greater window size accounts for a greater mixture of land-cover types (most notably, 
tree cover).  At Parry Lagoons and Silent Grove (Sandstone), on the other hand, the relationship 
becomes slightly stronger towards the 35 * 35 and 11 * 11 pixel windows (respectively), and then 
degrades up to a 99 * 99 pixel window.  This suggests that at Parry Lagoons, the landscape is 
relatively homogeneous between a 3 * 3 and 35 * 35 window.  But beyond this window, the landscape 
comprises of a mixture of land cover types. 
 
These comparisons, thus far, have demonstrated that for each site, the strength of the NDVI and curing 
relationship depends strongly on spatial scale (more so for sites such as Tidbinbilla).  This 
relationship; however, does not appear to be sensitive to different trimmed means.  The one trimmed 
mean; however, which occasionally provides weaker index-curing correlations is the median (trimmed 
mean of 50%).  This is subtly evident in Figure 6.6, whereby the median contributes to slightly higher 
rmse values, particularly at Tidbinbilla.  This measure was not expected to excel over other trimmed 
means; it was simply tested as it has been used in past research (§ 6.1.1).  The similarity found 
between the trimmed means has suggested that no trimmed mean has performed any better than the 
arithmetic mean.  Owing to the robustness and wide use of the arithmetic mean, this measure was 
recommended for capturing satellite data for the remaining results of this study.   
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Figure 6.6 Correlation coefficients (rmse) for NDVI and Levy rod curing for the central pixel (1 
* 1 pixel) and each trimmed mean plotted against spatial scale. 
 
6.3.3.2 Central pixel and spatial comparisons 
 
In Figure 6.6, comparisons are shown between spatial scales including the central pixel.  The strongest 
NDVI and curing relationships are exhibited by the central pixel at only half the sites (Ryans Farm, 
Jerona, Lakefield, Durran Durra, Colinton, Tidbinbilla, Braidwood, Lorna Glen, Simcocks, 
Caldermeade and Kilcunda).  At other sites, the central pixel exhibits slightly weaker correlations than 
the other spatial scales but at these sites, the central pixel exhibits at least the 2
nd
 or 3
rd
 smallest rmse, 
and all rmse values remain below 10%, except for the central pixel at the Darnum field site.  Owing to 
the patchiness of this site (§ 9.2.2.2), the central pixel is disturbed by tree cover.  The mean across the 
3 * 3, 5 * 5, 11 * 11 and 21 * 21 pixel windows; however, has broadly captured an average reflectance 
value of the dominating land-cover type; that is, grasslands.   
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6.3.3.3 Vegetation index comparisons 
 
While no single trimmed mean was found to perform any better than the arithmetic mean, there was 
also no single index that stood out from the rest.  Referring to the NDVI-spatial comparisons 
illustrated in Figure 6.6, similar results were found using SAVI, GVMI, mNDVI, GNDVI and 
BNDVI.  These results are presented in Appendix 9.6 (Figure 9.77 to Figure 9.81, § 9.6.2).  Firstly, all 
indices show no significant differences between trimmed means, and secondly, all indices result in a 
similar rmse rise with increasing window size.  This implies that no matter which index is used, the 
contamination of tree cover, and potentially urbanisation and bodies of water is still degrading the 
accuracy in curing prediction.  A few of these indices; however, have out-performed NDVI; but not by 
much.  The ranking of index performance, which predict curing marginally better than NDVI, is also 
site specific.  For example, mNDVI and SAVI perform slightly better at Tidbinbilla and Braidwood, 
which are two sites most affected by forest.  At these sites, the strength of the curing-index 
relationship for mNDVI and SAVI does not degrade as readily as NDVI with spatial scale.  At 
Tidbinbilla, from the 99 * 99 window, curing was predicted by NDVI with a 20.57% rmse (Figure 
6.5), and by mNDVI with a 17.10% rmse.  Even though mNDVI has improved curing assessment at 
this site by over 3%, the fact that this correlation is based on a single site does not give enough 
confidence in this index, unless it performs better than NDVI at all field sites.  This is not that case, as 
it tends to correlate with curing no more strongly than NDVI.  At Brooklyn and Parry Lagoons, the 
only indices with strong and significant relationships to curing are NDVI and mNDVI.  Whereas, at 
Kilcunda and Lakefield; SAVI and GVMI are the best performing indices.  At Ballan, Braidwood, 
Caldermeade, Darnum, Mt Hart (Sandstone), Ryans Farm and Silent Grove (Sandstone), all vegetation 
indices captured from all trimmed means and windows have strong and significant relationships (p < 
0.05) with curing.  At Colinton, Simcocks, Tooradin and Durran Durra, on the other hand, nearly all 
curing-index correlations are weak and are not significant.  At the remaining field sites in Australia, 
the curing-index correlations depend on the vegetation index as well as the window size.  Overall, all 
of the candidate indices exhibited similar results, although the two top-performing indices are NDVI 
and mNDVI.  These are the most robust vegetation indices nationwide.  
 
6.3.3.4 Vegetation index and multiple linear regression comparisons 
 
In order to further improve the prediction of curing from indices such as NDVI and mNDVI, the two 
MLRs (a) and (b) (§ 5.3.3) were also tested (using the arithmetic mean).  For each window in Figure 
6.7, a box plot was utilised to illustrate the mean rmse across twelve field sites (Ballan, Braidwood, 
Brooklyn, Colinton, Darnum, Durran Durra, Lorna Glen, Majura, Mt Hart (Sandstone), Silent Grove 
(Blacksoil), Silent Grove (Sandstone) and Tidbinbilla).   
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Figure 6.7 Rmse values derived from each index-curing correlation from twelve field sites, using 
the arithmetic mean (trimmed 0%) for each pixel window. 
 
These sites were the only field sites not affected by bodies of water.  Out of the remaining nine sites, 
two of these sites (Lakefield and Simcocks) were also unaffected by water but each comprise of only 
four in situ samples.  This prevented a multiple regression from being performed at these sites.  The 
other seven sites were affected by ocean and/or rivers at the larger pixel windows.  Firstly, the spread 
of data becomes more evident with increasing window size.  Secondly, for any change in spatial scale, 
there is no apparent differentiation between indices, although the mean rmse for NDVI and mNDVI is 
slightly smaller than other indices.  Thirdly, as expected, the rmse values of the MLR (a) and (b) are 
much smaller than those of the vegetation indices. 
 
Earlier, in Chapter 5 (§ 5.3.3), MLR (b) (using band 5) was recognised for having the strongest 
relationship with curing using data from the central pixel.  In Figure 6.7, the MLR (b) not only has the 
lowest mean rmse value for each window, but also has the smallest spread.  In comparison with the 
vegetation indices, the correlation between curing and MLR (b) is found to degrade the least with 
spatial scale, followed by MLR (a).  This suggests that the multiple regressions are capable of 
predicting curing across heterogeneous landscapes.  Even for a 99 *99 pixel window, the contribution 
of VI(7/6) and band 5 has shown to deliver useful information.  With this window‟s mean rmse of 
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6.06% for MLR (b), this MLR maintains high performance even with a high mixture of land-cover 
types.   
 
As seven of the field sites were excluded from Figure 6.7 owing to the effect of bodies of water, these 
sites are affected by this factor at various spatial scales (depending on the distance between the site 
and the coast, for example).  The results presented in the remaining part of this chapter, have only 
included data points at spatial scales where the rmse values are valid.  At Tooradin, for example, the 
ocean is captured by satellite from any window greater than (and equal to) 21 * 21 pixels.  Therefore, 
the results presented at Tooradin only included data from the central pixel, 3 * 3, 5 * 5 and 11 * 11 
pixel windows.  At sites not affected by water, results are valid for all size windows.  At Tidbinbilla, 
for example, Figure 6.5 had shown the curing-NDVI relationship over a 99 * 99 window (using the 
arithmetic mean) to be relatively weak, with an rmse of 20.57%.  As shown in Figure 6.8, the 
relationship between curing and MLR (a) over the same window (at Tidbinbilla) is a great 
improvement, with a 12.36% rmse.  This is followed by an even smaller rmse of 10.48% produced by 
the MLR (b).  At Braidwood, however, these MLRs have not brought down the rmse any lower than 
14%.  Having said this, all three plots in Figure 6.8 also illustrate that for NDVI and both MLRs, the 
rmse values (for all sites) tend to drop when the satellite data are captured from the 3 * 3 and 5 * 5 
pixel windows (in comparison with the central pixel).  Therefore, alongside the central pixel, these two 
windows provide the most accurate prediction of curing, which will be investigated later in this 
chapter.      
 
 
Figure 6.8 Rmse values for correlations between Levy rod curing and NDVI, MLR (a) and MLR 
(b) using the arithmetic mean plotted against spatial scale. 
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In the interim, Figure 6.9 presents rmse values for each site using data from the critical curing period 
(> 60% and increasing).  This follows on from comparisons made previously in Chapter 5 (§ 5.3.2.2).  
By repeating these three plots of NDVI and both MLRs, data points were only included if the samples 
were taken during this timeframe.  In addition to Lakefield and Simcocks, too few samples were 
present at a number of sites to compute a multiple regression (Brooklyn, Colinton, Durran Durra, 
Jerona, Ryans Farm, Silent Grove (Blacksoil) and Tooradin).  Therefore, Figure 6.9 represents rmse 
values from only twelve field sites (out of twenty-one).  Results from the critical curing period have 
slightly improved the strength of the correlations at most field sites.  However, these correlations are 
less reliable owing to the smaller number of samples.      
 
 
Figure 6.9 Rmse values during critical curing period (> 60%) for correlations between Levy rod 
curing and NDVI, MLR (a) and MLR (b) using the arithmetic mean, plotted against spatial 
scale. 
 
6.3.3.5 Cluster subsets of field sites 
 
Thus far, the results of this chapter are based on single site correlations.  Since some of these field 
sites exhibit few in situ samples (Table 3.7, § 3.3.4), some of these correlations can only be observed 
qualitatively.  In order to strengthen the reliability in these correlations, some sites can be combined 
together, if they are statistically similar to each other.  Such field sites are located in close proximity to 
one another, which means they generally consist of the same grass type, and are located in the same 
climate zone.  These sites provide curing samples within each others‟ spatial neighbourhoods, this 
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analysis is, therefore, an improvement of single-site and central-pixel curing observations.  Earlier in 
Chapter 4 (§ 4.3.3.5), the field sites were clustered into groups of grass type, which coincided with 
their geographical region.  These clusters comprised of sites with similar seasonal NDVI patterns.  For 
this chapter, subsets of these clusters were extracted for further analysis, in which a field site was 
excluded from its cluster if located over ~100 km away from its closest neighbouring site.  These 
subsets, listed in Table 6.2, are comprised of at least three field sites. 
 
Table 6.2 List of cluster subsets 
Cluster (§ 4.3.3.5) Sites in Cluster (§ 4.3.3.5) Subset Sites in Subset 
#1 
Improved pastures 
(southern Australia) 
Ballan, Caldermeade Darnum, Kaduna, 
Kilcunda, Simcocks, Tooradin. 
South 
Gippsland 
Caldermeade, Darnum, 
Kaduna, Kilcunda, Tooradin. 
#2 
Mixed grasses 
(eastern Australia) 
Braidwood, Brooklyn, Colinton, Durran Durra, 
Majura, Tidbinbilla. 
ACT and 
NSW 
Braidwood, Brooklyn, 
Colinton, Majura, 
Tidbinbilla. 
#3 
Native grasses 
(northern Australia) 
Jerona, Lakefield, Lorna Glen, Mt Hart 
(Sandstone), Parry Lagoons, Ryans Farm, Silent 
Grove (Blacksoil), Silent Grove (Sandstone). 
Kimberley 
Mt Hart (Sandstone), Silent 
Grove (Blacksoil), Silent 
Grove (Sandstone). 
 
The correlations between in situ Levy rod curing and MODIS-NDVI were investigated for each field 
site in Table 6.2.  For each subset, the correlation coefficients (rmse values) were compared between 
field sites.  Beginning with South Gippsland (Figure 6.10), the rmse in curing prediction remains quite 
low at smaller windows (3 * 3 and 5 * 5).  However, as the windows expand, the rmse values not only 
increase, but the Darnum and Kaduna sites begin to differentiate from one another.  At the 49 * 49 
window, for example, NDVI‟s difference in rmse values between Darnum and Kaduna is ~8%.   
 
 
Figure 6.10 South Gippsland rmse values for correlations between Levy rod curing and NDVI, 
MLR (a) and MLR (b). 
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Between Tidbinbilla and Majura, on the other hand, Figure 6.11 demonstrates NDVI to compute a 
much greater difference as windows expand.  The MLRs; however, have reduced this difference until 
reaching the 75 * 75 and 99 * 99 pixels windows respectively. 
 
 
Figure 6.11 ACT and NSW rmse values for correlations between Levy rod curing and NDVI, 
MLR (a) and MLR (b). 
 
In comparison with South Gippsland and ACT/NSW, the Kimberley sites have shown to be very 
similar to each other.  As shown in Figure 6.12, all three sites exhibit very little difference, even with 
expanding windows.  The Kimberley sites not only share a common factor of their geographical 
region, they are also characterised by the same tropical native grasslands (§ 3.2.3.2).  The grasslands 
in this region are known for their slower curing rates than improved pastures (§ 3.2.3), and these three 
sites in particular also share a similar curing pattern, as they tend to synchronise with each other 
throughout the phenological cycle (Figure 3.8, § 3.4.3.1).   
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Figure 6.12 Kimberley rmse values for correlations between Levy rod curing and NDVI, MLR 
(a) and MLR (b). 
 
As shown in Table 6.3, ANOVA results are presented for each cluster subset.  As described in Chapter 
3 (§ 3.4.3.2) and Chapter 4 (§ 4.3.3.5), field sites exhibiting a large and significant (p < 0.0001) F-
statistic are statistically different from each other.   
 
Table 6.3 ANOVA results of NDVI time-series for each cluster subset using the arithmetic mean 
of each pixel window. 
Window 
South Gippsland ACT and NSW Kimberley 
F statistic P value F statistic P value F statistic P value 
1 * 1 15.25 <0.0001 68.95 <0.0001 22.79 <0.0001 
3 * 3 16.30 <0.0001 65.26 <0.0001 5.28 0.0054 
5 * 5 17.35 <0.0001 70.28 <0.0001 4.17 0.0160 
11 * 11 17.29 <0.0001 98.71 <0.0001 4.45 0.0122 
21 * 21 23.80 <0.0001 126.72 <0.0001 6.36 0.0019 
35 * 35 30.75 <0.0001 151.81 <0.0001 5.91 0.0029 
49 * 49 30.57 <0.0001 199.94 <0.0001 4.68 0.0097 
75 * 75 25.83 <0.0001 214.39 <0.0001 2.31 0.1004 
99 * 99 27.37 <0.0001 224.85 <0.0001 1.33 0.2642 
 
The Kimberley sites are only statistically different at the central pixel (for the NDVI-time-series).  But 
for any size window, all sites represent the same population (as shown by their small F-statistic values, 
which are not significant).  The three sites are, therefore, representative of the whole landscape for 
which the 99 * 99 windows lie within.  In comparison, the ACT and NSW cluster consists of sites 
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which are statistically different from each other for any size window.  Even though the similarity of 
the Kimberley sites becomes more apparent with increasing window sizes, the other cluster subsets 
exhibit contrasting results.  This is due to the greater distance between sites, and also due to the 
heterogeneity of the landscapes in Victoria and ACT/NSW.  Similar findings are also apparent when 
testing mNDVI time-series.  These mNDVI ANOVA results are presented in Table 9.21 (Appendix 
9.6.1). 
 
Since the Kimberley sites are the only sites not statistically different from each other, the in situ and 
satellite data from these sites were averaged together (for each day of in situ sampling) to obtain a 
mean index-curing correlation representing the whole region around the Kimberley sites.  In contrast 
with plotting rmse values for each field site, Figure 6.13 presents the rmse of each vegetation index 
and MLR for the whole Kimberley cluster subset.  The top two performing indices across this region 
are NDVI and mNDVI.  While Silent Grove (Blacksoil) is located in the middle of the three sites, the 
two sandstone sites are located ~30 km (60 pixels) apart.  Therefore a short distance of ~15 km (30 
pixels) between Silent Grove (Blacksoil) and its two neighbours results in an overlap of pixel windows 
for sizes greater than 35 * 35 pixels (see Figure 9.82 § Appendix 9.6.1).  No matter which window is 
observed over the Kimberley; however, the error in curing prediction remains well below 10% (Figure 
6.13). 
 
 
Figure 6.13 Rmse values derived from three sites in the Kimberley cluster subset.  Satellite and 
field data from all sites are averaged together.  These correlations are between Levy rod curing 
and each index/MLR using the arithmetic mean plotted against spatial scale. 
 
In agreement with these low rmse values, NDVI performs extremely well in the prediction of curing.  
As shown in Figure 6.14, the rmse for each window is typically small owing to the small sample size.  
The data points from these sites; however, tend to fit along the 1:1 line for all pixel windows.  These 
results confirm that the Kimberley region is homogeneous, and by clustering the sites together, the 
accuracy in curing prediction has strengthened.      
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Figure 6.14 Kimberley correlations (averaged between three Kimberley sites for each day) 
between measured Levy rod curing and predicted curing (from NDVI), for each size pixel 
window.  All correlations are significant (p < 0.0001). 
 
6.3.3.6 Spatial scales for each site  
 
At this stage of the analysis, these curing-index correlations with spatial scale have demonstrated that 
regardless of any similarity between some sites, each field site is unique.  Each site determines not 
only the performance of each vegetation index, but also the optimum spatial scale from which satellite 
based inferences should be made.  As summarised in Table 6.4, tree cover is not the only factor which 
affects the satellite data.  Firstly, Majura is neighbouring the city of Canberra (and adjacent the 
Canberra Airport) (§ 9.2.2.2), therefore a window size any bigger than 35 * 35 pixels is contaminated 
by houses, roads and buildings.  Suburbs also surround the outer edge of Tidbinbilla, but this does not 
affect the data until reaching a window of 49 * 49 pixels.  Secondly, many sites are located fairly close 
to the ocean.  Four of these sites are in Victoria (Caldermeade, Kaduna, Tooradin and Kilcunda) and 
three in northern Australia (Jerona, Ryans Farm and Parry Lagoons).  At Kilcunda, for example, a 
window greater than 11 * 11 is capturing MODIS data from Bass Strait.  To avoid these contaminated 
data, the sites need to potentially undergo different treatments.  That is, the Kimberley sites, Lorna 
Glen and Ballan are the only sites where windows should be extended to 99 * 99 pixels, and satellite 
data from Simcocks should only be captured from the central pixel or from a 3 * 3 window. 
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Table 6.4 Land surface properties that increase rmse values for each window size.  These factors 
were observed using Google Earth software. 
Window size (pixels) 1 * 1 3 * 3 5 * 5 11 * 11 21 * 21 35 * 35 49 * 49 75 * 75 99 * 99 
Ballan          
Braidwood        Tree cover 
Brooklyn    Tree cover   
Caldermeade      Water 
Colinton      Tree cover 
Darnum      Tree cover 
Durran Durra        Tree cover 
Jerona    Water 
Kaduna        Water 
Kilcunda    Water 
Lakefield      Tree cover (Scattered) 
Lorna Glen          
Majura      Urban 
Mt Hart (Sandstone)          
Parry Lagoons        Water 
Ryans Farm         Water 
Silent Grove (Blacksoil)          
Silent Grove (Sandstone)          
Simcocks   Tree cover 
Tidbinbilla    Tree cover Urban/ Tree cover 
Tooradin     Water 
  
For all field sites, the windows not affected by these non-grassland surfaces are 1 * 1, 3 * 3 and 5 * 5 
(except at Simcocks).  As previous results (Figure 6.8 and Figure 6.9) had shown the 3 * 3 and 5 * 5 
pixel windows to predict curing with smallest error, these two windows are the most reliable, but do 
not cover a large area of the landscape. 
 
6.3.4 Curing prediction for all field sites 
 
Thus far, results have reported NDVI to maintain its high performance of curing assessment, and in 
using the arithmetic mean for various spatial scales, the 1 * 1 (central pixel), 3 * 3 and 5 * 5 pixel 
windows have shown to exhibit the lowest rmse values at most field sites (§ 6.3.3.1 and 6.3.3.4), using 
correlations from individual sites.  In Chapter 5; however, the central pixel MODIS observations and 
their paired up in situ measurements from each site were grouped for all Australian sites, and were 
also clustered into groups of grass type (§ 4.3.3.5).  By repeating this process, all in situ and satellite 
measurements have been combined together using the 3 * 3 and 5 * 5 windows.  As shown in Figure 
6.15, the central pixel predicts curing with the least error for all sites and also exhibits the smallest 
rmse for improved pastures.   
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Figure 6.15 Measured Levy rod curing against predicted curing derived from NDVI for the 
central pixel, 3 * 3 and 5 * 5 windows, using data from the whole time-series.  Note that all 
correlations are significant (p < 0.0001). 
 
Again, this is probably since the (centre point of) the central pixel is where the in situ measurements 
were made.  At sites of mixed and native grasses; however, the central pixel has a slightly higher rmse 
than the two windows, although the difference between the three spatial scales is very small.  By using 
data from the critical curing period, Figure 6.16 also shows the central pixel to exhibit the least error 
for all sites and grass types, except for mixed grasses.  This suggests that field sites of this grass type 
are generally the least homogeneous.  Potentially, the use of a single reflectance value is not as robust 
as a mean of either nine or twenty-five pixels across a heterogeneous landscape.  The 3 * 3 and 5 * 5 
windows; however, do not perform significantly better than the central pixel.   
 
Since the three different spatial scales provide similar correlations, these results have highlighted that 
the central pixel is representative of a 6.25 km
2
 area; the area captured by a 5 * 5 window (Table 6.1, § 
6.2.1).  Even though the central pixel does not have the advantage of covering a large area, these 
results confirm the use of the central pixel to be an appropriate technique for capturing grassland 
curing from satellite. 
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Figure 6.16 Measured Levy rod curing against predicted curing derived from NDVI for the 
central pixel, 3 * 3 and 5 * 5 windows, using data from the critical curing period (curing > 60%).  
Note that all correlations are significant (p < 0.0001). 
 
 
6.4 SUMMARY 
 
In this chapter, the spatial assessment of field sites has provided greater knowledge in determining the 
robustness of vegetation indices and MLRs for curing prediction across a landscape at various scales.   
 
Firstly, it was found that regardless of site specific characteristics, grasslands are generally more 
homogeneous when green, but the homogeneity declines as curing progresses.  This suggests that the 
landscape is not only characterised by different land-cover types, but by different levels in curing at 
any given time during the curing period.  Secondly, by observing the NDVI time-series at each site 
(Figure 6.4 and Figure 9.70, § 9.6.1.1), the seasonal variation of grasslands was well monitored by the 
larger pixel windows at homogeneous sites such as Ballan, but the larger windows did not track the 
greenest and driest conditions at sites such as Simcocks.  Since, at the heterogeneous sites, NDVI was 
not able to track all phenological changes from a 99 *99 window, it raised concern of how this index 
would be able to accurately predict curing at this spatial scale.  This suggests that masking out non-
grassland surfaces is critical if curing values are predicted from large areas.  Including NDVI, all six 
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candidate vegetation indices and the two MLRs (from Chapter 5) were tested for curing prediction at 
different spatial scales.  While many sites were shown to be quite homogeneous, other sites such as 
Tidbinbilla and Braidwood were most affected by non-grassland surfaces, particularly, trees.  With 
increasing pixel window size at these two sites, the accuracy in curing prediction dropped.  At most 
field sites, all six indices produced similar results, with the NDVI and mNDVI showing the most 
promising results, but no index had shown to predict curing any better than NDVI.  The two MLRs, on 
the other hand, had shown to predict curing with the least error, particularly MLR (b).  From the 
central pixel to a 99 * 99 pixel window, the MLR (b) exhibited the smallest rmse values.  For most 
field sites, NDVI and both MLRs had shown that the 3 * 3 and 5 * 5 windows generally resulted in the 
smallest error.   
 
Even though the central pixel was used previously in Chapter 5, this method of data extraction was 
only an improvement in five of the field sites: Colinton, Durran Durra, Ryans Farm, Simcocks, and 
Tidbinbilla.  At other field sites (Brooklyn, Darnum and Tooradin); however, the central pixel 
provided slightly higher rmse values than the 3 * 3 or 5 * 5 window.  By combining all sites together, 
the central pixel exhibited more promising results.  While similar correlations were observed between 
the central pixel and the 3 * 3 and 5 * 5 windows, the central pixel was shown to exhibit slightly 
stronger correlations with in situ observations of curing.   
 
In addition to the curing-index correlations made at individual sites, the field sites neighbouring each 
other in the Kimberley, South Gippsland and ACT/NSW regions, were combined together.  Owing to 
the similarity between the Kimberley sites, the in situ and satellite measurements from each day were 
averaged together, since these samples were taken on the same days.  The combination of these three 
sites had produced the most promising results, as the correlations between measured curing and 
predicted curing were comprised of data points sitting (almost) perfectly on the 1:1 line.  This 
suggested that the in situ measurements are representative of the wider landscape, and that NDVI and 
the MLRs are scalable at least at this subset of sites. 
 
In summary, this chapter has thoroughly investigated the assessment of curing, and has highlighted 
how factors such as tree cover, bodies of water and different curing levels have reduced the accuracy 
of this assessment.    
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7 AVHRR COMPARISONS WITH CURING   
 
 
Following a comparative analysis of MODIS satellite data and in situ observations in Chapter 5, this 
chapter continues with Research Question 3 (§ 1.3.1), by replicating these satellite and curing 
comparisons using AVHRR imagery.  AVHRR has not only been used in past studies to assess 
grassland curing (Barber, 1990; Dilley and Edwards, 1998; Dilley et al., 2001; Paltridge and Barber, 
1988) (§ 2.4.4.1), but has also been employed operationally to produce a curing index since the 1980s 
across southeastern Australia (Anderson et al., 2005) (§ 1.1).  Although AVHRR is atmospherically 
corrected for current operational curing prediction, the AVHRR observations assessed in this thesis are 
not corrected (owing to limited access of data), which is taken into consideration.  In general, AVHRR 
has been explored in this research to compare with past AVHRR-curing work, and to also examine the 
curing history of Australia (from 1992).  This will provide an understanding of the curing progress 
relative to the historical curing behaviour, and also enable a creation of curing climatology.   
 
7.1 INTRODUCTION 
 
The findings from the previous three chapters reported curing prediction using MODIS satellite 
imagery from January 2005 to October 2008.  This chapter presents AVHRR data from January 2005 
to December 2008.  Owing to the different characteristics of each satellite sensor, the curing-index 
correlations between sensors are likely to exhibit different results.  While these AVHRR comparisons 
are able to validate the MODIS results, direct comparisons between the sensors cannot be made 
without accounting for the following factors: 
 
 MOD09A1 has a higher spatial resolution (500 m at nadir) compared to 1 km of AVHRR (§ 
2.4.2).  This larger spatial integration of AVHRR is expected to affect results from 
heterogeneous field sites such as Simcocks (Appendix 9.2.2.2). 
 Although both sensors (which are latitude dependent) provide daily observations, MOD09A1 
composites data every 8 days, compared to the 10-day composite used for AVHRR.  This 
causes the synchronising of in situ and satellite measurements (§ 5.2) to differ between 
sensors. 
 MODIS consists of a larger number of bands in the red and NIR, and each of these bands have 
a smaller band-pass width than AVHRR (§ 2.4.2), which will likely result in differences in the 
spectral response of vegetation (§ 2.4.2). 
 The MOD09 product is atmospherically corrected; however, the AVHRR data used in this 
thesis were not corrected for atmospheric effects. 
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Nonetheless, by taking these differences into consideration, AVHRR 10-day composites were 
analysed using the same approach as the MODIS data (in Chapter 5).  From these composites, the red 
and NIR bands (bands 1 and 2 respectively) were used to compute NDVI over each field site.  These 
NDVI time-series were assessed on performance of monitoring phenological changes over grasslands, 
and were tested for curing prediction.   
 
7.2 METHODS 
 
7.2.1 Imagery collection 
 
AVHRR data were collected from January 2005 to December 2008.  These data were used for the 
main body of this chapter, and in addition, data from April 1992 to August 2009 were collected for 
further analysis (towards the end of the chapter).  In comparison with an 8-day temporal composite 
and a 500 m spatial resolution of MOD09 (§ 2.4.2.3), 10-day AVHRR composites at a spatial 
resolution of 1 km were used.  Three of these temporal composites fall within each month, and on the 
same dates: 1
st – 10th, 11th – 20th and the 21st to either the 28th, 29th, 30th of 31st (depending on the 
month).  The third composite, is therefore only eight days in February and is eleven days in March.  
Covering all of Australia, AVHRR data were generated from April 1992 to June 2008 by the CSIRO.  
From July to December 2008, data were received and processed by the BOM.  These data were 
processed the same way by the BOM and CSIRO, which entailed geolocation, calibration, cloud 
masking, sea masking, re-gridding and compositing by maximum NDVI value; however, no 
atmospheric or angular corrections were applied (Grant, 2008).  For this research, 144 AVHRR 
composites were collected for each field site (§ 3.2).  Similar to the MODIS data collection and 
filtering process (§ 4.2.2), the 2005-2008 AVHRR time-series were extracted from subset images of 
50 * 50 km (50 * 50 pixels), to compute NDVI time-series of each site (from the central 1 km pixel).  
The AVHRR time-series, initially delivered by Ian Grant (BOM), were then manually inspected for 
any anomalies not picked up by cloud masking.  Take note that, NDVI (the only index used in this 
chapter) is uncorrected for atmospheric and angular effects, but these are less pronounced than for 
individual reflectance bands.   
 
7.2.2 Data synchronisation 
 
In a manner similar to the matching-up of data between MODIS observations and in situ curing 
samples in Chapter 5 (§ 5.2), every 10-day AVHRR composite was synchronised with in situ 
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measurements on the nearest possible day, preferably before the date of in situ sampling.  This is 
because, in contrast to the observation date used for MODIS, the start date of the 10-day composite 
was used for AVHRR.  Therefore, an in situ measurement occurs (within 10 days) after the composite 
date.  Similar to the synchronisation of MODIS measurements, the sometimes irregular temporal 
coverage of in situ data resulted in the removal of some data points.   
 
7.3 RESULTS AND DISCUSSION 
 
This section reports and discusses the results produced from AVHRR satellite data.  Similar to 
MOD09 band comparisons presented in Chapter 4 (§ 4.3.2), and after Paltridge and Barber (1988), the 
AVHRR bands were assessed for their sensitivity to phenological changes of grasslands.  In contrast 
with MOD09, AVHRR provides only two bands in the red (band 1) and NIR (band 2), which are not 
as narrow as bands 1 and 2 of MODIS (§ 2.4.2).  With use of only two bands, NDVI is the only 
vegetation index presented in this chapter.  Even though indices such as SAVI (§ 2.4.4.2) and GEMI 
(§ 2.4.4.3) also use these two bands, in the MODIS analysis, these indices were not shown to perform 
as well as NDVI.  Following previous studies, where NDVI time-series were observed over different 
vegetated landscapes (Gallo et al., 2005; Los et al., 2005; Smith et al., 1995), the NDVI derived from 
AVHRR was tested for its performance in tracking temporal variation of grasslands for each field site.  
AVHRR observations have also been correlated in the past against in situ FMC observations (Chladil 
and Nunez, 1995; Chuvieco et al., 2003; Paltridge and Barber, 1988), but in order to test AVHRR for 
curing prediction, AVHRR NDVI measurements were correlated in this current research against in situ 
measurements of Levy rod curing.  These comparisons were made for all field sites and for each of the 
main grass types: improved pastures, native grasses and mixed grasses (§ 4.3.3.5).  Finally, 
comparisons were made between AVHRR and MODIS after Fensholt and Sandholt (2005) and Gallo 
et al. (2005) using NDVI time-series. 
 
7.3.1 AVHRR band comparisons 
 
MODIS band time-series were presented in Chapter 4 at four field sites (Figure 4.7, § 4.3.2.1).  
Accounting for differing characteristics between sensors, AVHRR and MODIS band time-series of the 
same sites are presented in Figure 7.1.  For all Australian field sites; however, the individual band 
time-series and NDVI are presented in Figure 9.83 (§ 9.7.1).  In general, the temporal behaviour of 
each band is likely to exhibit similar results between both sensors, particularly at homogeneous sites.  
At Silent Grove (Sandstone), both AVHRR bands demonstrate a moderately weak fluctuation from 
one season to the next.  Very little difference is evident between sensors, particularly for band 1 (red).  
At Ryans Farm and Tidbinbilla, the red band illustrates similar seasonal time-series between sensors; 
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however at Simcocks, the AVHRR band, shows very little response to the temporal behaviour of 
grasslands.  This is due to the 1 km pixel size of AVHRR (in comparison with 500 m for MOD09).  
Owing to forest closely surrounding this site (§ 3.3.3.3), Simcocks is the most affected site from this 
change in spatial resolution.  Band 2, on the other hand, has shown to differ between sensors.  Owing 
to the wider AVHRR bands being much more affected by atmospheric water vapour absorption, 
AVHRR band 2 exhibits less amplitude than MODIS band 2 over time; however, the amplitude of 
seasonal variation does not determine how a band would correlate against curing.  
 
 
Figure 7.1 A comparison of AVHRR and MODIS band time-series at selected field sites a) Silent 
Grove (Sandstone), b) Ryans Farm, c) Simcocks and d) Tidbinbilla. 
 
In order to investigate how bands 1 and 2 compare with each other, results from Chapter 4 (§ 4.3.2.2) 
identified that these two bands (of MODIS) exhibited weak correlations, and these correlations 
differed between field sites of different grass types.  Similarly, Barber and Paltridge (1986) compared 
AVHRR bands 1 and 2 against each other to identify, not only a weak correlation, but slightly 
different results between different land-cover surfaces.  In this past study, findings showed that 
agricultural grasslands (in western Victoria and in Gippsland) tend to be the only land surface type to 
exhibit high radiance in band 2 with low radiance in band 1.  As shown in Figure 7.2, field sites of 
improved pastures were also the only grass type to resemble this feature.  Barber and Paltridge (1986) 
also found that non-vegetated surfaces yield radiances roughly equal in both bands.  For this land-
cover type, the two bands generally exhibit a positive correlation, known as the soil line (Figure 2.11, 
§ 2.4.4.2).  The field sites, in this study, which come close to exhibiting this feature, are of native 
grasses, as this grass type comprises sparse vegetation.  On that note, this feature is also evident at 
native hummock grasses, as shown in Appendix 9.7.2.  Overall, the combination of these bands is able 
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to differentiate sites of different grass types (with substantial overlap), and hence different 
geographical regions. 
 
 
Figure 7.2 AVHRR band 1 against band 2 for each main grass type using the complete time-
series. 
 
To facilitate a comparison of how the two AVHRR bands respond to changing curing levels, Figure 
7.3 presents each band correlated against in situ Levy rod curing measurements.  The AVHRR bands 1 
and 2 showed good agreement with MODIS bands 1 and 2 (§ 5.3.1.3), with both bands exhibiting a 
significant (p < 0.0001) but weak correlation.   
 
 
Figure 7.3 Levy rod curing against AVHRR bands for all sites (except Lorna Glen). 
  
Despite these weak correlations; however, both bands are moderately sensitive to curing.  Band 1, for 
instance, has been explored in past research for its sensitivity to greenness.  Paltridge and Mitchell 
(1990) used atmospherically corrected AVHRR data over Victorian grasslands to find that a single 
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measurement of band 1 was potentially a more accurate measure of FMC than NDVI.  This band; 
however, was not able to detect as much variation between grass types as NDVI or even band 2.  
Additionally, band 1 was shown to be less sensitive than NDVI to temporal variation between curing 
seasons.   
 
Since the two plots in Figure 7.3 illustrate the band reflectance values against in situ curing 
measurements, the plots in Figure 7.4 use the same regressions from Figure 7.3 and present measured 
Levy rod curing against predicted curing from each AVHRR band.  Bands 1 and 2 both exhibit a poor 
prediction of curing, with rmse values of 20.38 and 20.34% respectively.  MODIS bands 1 and 2 also 
have a poor prediction, but with slightly smaller rmse values of 15.11 and 18.66% respectively (Figure 
5.9, § 5.3.1.3).  While the correlation of MODIS band 2 was weak, that of band 1 was slightly 
stronger.  The AVHRR bands, on the other hand, exhibit similar correlations, and therefore have not 
shown to differentiate from each other.   
 
 
Figure 7.4 Measured Levy rod curing against predicted curing for AVHRR bands 1 and 2 for all 
Australian sites (except Lorna Glen). 
 
7.3.2 NDVI 
  
7.3.2.1 NDVI time-series 
 
First, to observe the temporal variation of AVHRR NDVI, the field sites were divided into grass types.  
Figure 7.5, Figure 7.6 and Figure 7.7 each present NDVI time-series for sites of the main grass types: 
improved pastures, mixed grasses, and native grasses respectively.  In comparison with MODIS, 
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AVHRR generally has a lower NDVI (on average around ~0.1) owing to atmospheric effects and 
broad spectral band-pass widths.   
 
At most sites of improved pasture (Figure 7.5), NDVI responds well to the temporal variation of 
grasslands.  With the exception of Darnum and Simcocks, these time-series are similar to those 
derived from MODIS (§ 4.3.3.3).  At Simcocks, for instance, the 1 km pixel size of AVHRR has failed 
to monitor the driest conditions of pastures at this site owing to the detection of chlorophyll and 
vegetation moisture in tree leaves of surrounding forest areas.  At sites of mixed grasses, on the other 
hand, Figure 7.6 presents similar AVHRR time-series to MODIS.  Due to the spatial heterogeneity of 
some sites, neither sensor successfully tracked all phenological changes of these mixed grasses.  At 
Durran Durra, for example, the contamination from nearby forest (§ 9.2.2.2) resulted in very little 
temporal variation between curing seasons.  AVHRR NDVI has also monitored the temporal changes 
of the native grasses (Figure 7.7); however, the MODIS NDVI was able to track these changes more 
closely, with less noise (Figure 4.15).  
 
 
Figure 7.5 Improved pastures: AVHRR NDVI time-series from January 2005 to December 2008 
 
 
Figure 7.6 Mixed grasses: AVHRR NDVI time-series from January 2005 to December 2008 
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Figure 7.7 Native grasses: AVHRR NDVI time-series from January 2005 to December 2008 
 
7.3.2.2 Cluster analysis 
 
As in Chapter 4 (§ 4.3.3.5), the clustering of field sites was performed using the AVHRR NDVI time-
series.  This was to support the clustering of sites using MODIS, whereby sites were categorised 
according to grass type (and hence, geographical region).  As shown in Table 7.1, the same groups of 
sites (as in the MODIS analysis) exhibit strong correlations with each other.  For example, the 
correlations between the Kimberley sites all have Pearson r coefficients greater than (or equal to) 0.7, 
indicating these sites to be similar.   
 
Durran Durra was a site of particular interest as it was the only site of native grasses in the ACT/NSW 
region.  The MODIS NDVI time-series analysis showed this site to be most comparable with the 
mixed grasses in the same geographical region rather than the sites of (tropical) native grasses in 
northern Australia.  Against Durran Durra, MODIS produced Pearson r values of 0.4, 0.5 and 0.6 at 
Majura, Braidwood and Brooklyn respectively (Table 4.4, § 4.3.3.5).  AVHRR exhibited very similar 
results, as Durran Durra correlated with these sites with r values of 0.4, 0.4 and 0.5 respectively.   
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Table 7.1 Correlation matrix of twenty-one field sites against each other using AVHRR NDVI 
time-series.  Correlation coefficients (Pearson r) ≥ 0.7 are underlined, significant (p < 0.0001) 
correlations are highlighted in bold. 
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Ballan 1.0 0.5 0.3 0.9 0.3 0.8 0.2 -0.1 0.9 0.8 -0.3 0.0 0.6 -0.7 -0.6 -0.3 -0.6 -0.6 0.5 0.6 0.8 
Braidwood  1.0 0.7 0.5 0.6 0.4 0.4 -0.1 0.4 0.4 -0.2 -0.2 0.7 -0.5 -0.5 -0.3 -0.5 -0.5 0.3 0.7 0.4 
Brooklyn   1.0 0.2 0.6 0.2 0.5 -0.1 0.3 0.1 -0.2 -0.1 0.6 -0.2 -0.3 -0.1 -0.2 -0.2 0.0 0.6 0.2 
Caldermeade    1.0 0.4 0.9 0.2 -0.1 0.9 0.9 -0.4 0.2 0.7 -0.7 -0.6 -0.3 -0.6 -0.6 0.7 0.5 0.9 
Colinton     1.0 0.4 0.3 -0.2 0.4 0.3 -0.4 -0.2 0.6 -0.4 -0.4 -0.3 -0.3 -0.3 0.2 0.6 0.3 
Darnum      1.0 0.1 -0.1 0.8 0.9 -0.4 0.0 0.5 -0.7 -0.7 -0.4 -0.7 -0.6 0.6 0.5 0.8 
Durran 
Durra 
      1.0 0.1 0.2 0.1 0.0 -0.1 0.4 -0.1 0.0 0.1 0.0 0.0 0.2 0.2 0.2 
Jerona        1.0 -0.1 -0.1 0.5 0.5 -0.1 0.4 0.4 0.7 0.4 0.5 0.0 -0.1 0.0 
Kaduna         1.0 0.9 -0.3 0.1 0.6 -0.6 -0.6 -0.3 -0.6 -0.5 0.6 0.5 0.9 
Kilcunda          1.0 -0.5 0.1 0.5 -0.7 -0.6 -0.3 -0.7 -0.6 0.7 0.3 0.9 
Lakefield           1.0 0.4 -0.4 0.7 0.6 0.8 0.7 0.8 -0.4 -0.2 -0.4 
Lorna Glen            1.0 0.0 0.3 0.2 0.5 0.2 0.3 0.1 -0.1 0.1 
Majura             1.0 -0.5 -0.5 -0.3 -0.5 -0.5 0.3 0.8 0.6 
Mt Hart 
(Sandstone) 
             1.0 0.8 0.7 0.9 0.9 -0.6 -0.4 -0.6 
Parry 
Lagoons 
              1.0 0.6 0.8 0.8 -0.5 -0.6 -0.5 
Ryans Farm                1.0 0.7 0.7 -0.3 -0.3 -0.2 
Silent Grove 
(Blacksoil) 
                1.0 0.9 -0.6 -0.4 -0.5 
Silent Grove 
(Sandstone) 
                 1.0 -0.5 -0.4 -0.5 
Simcocks                   1.0 0.2 0.6 
Tidbinbilla                    1.0 0.3 
Tooradin                     1.0 
 
To validate the MODIS cluster analysis results from Chapter 4, the tree cluster analysis was repeated 
for AVHRR time-series.  Presented in Figure 7.8, the same two primary cluster trees emerge, of sites 
in northern Australia and sites in southern Australia, including ACT/NSW.  Similar to Figure 4.22 (§ 
4.3.3.5), the most comparable sites are Caldermeade with Kaduna, and also Mt Hart (Sandstone) with 
Silent Grove (Blacksoil).  In a manner similar to the MODIS analysis, Simcocks is still clustered with 
the improved pastures from Victoria, yet it seems to have a larger linkage distance, owing to the larger 
pixel size of AVHRR and hence, contaminated data from surrounding forest.  This site is not as 
homogeneous at a 1 km scale as Caldermeade, Kaduna and Kilcunda, for example.  Durran Durra, on 
the other hand, was clustered by MODIS with its neighbouring field sites in ACT/NSW.  The AVHRR 
time-series had exhibited a large linkage distance at this site, illustrating this site to be just as close (or 
similar) to the ACT/NSW sites as the sites of improved pastures.  Overall, regardless of these minor 
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differences of a few field sites, these AVHRR results verify and confirm the clusters of grass types 
created in Chapter 4, which have been utilised throughout this thesis. 
 
 
Figure 7.8 Hierarchical tree plot of AVHRR NDVI (whole time-series) from twenty-one field 
sites in Australia, generated from a (joining tree) cluster analysis, using pairwise deletion. 
 
Using a one-way ANOVA in Chapter 4 (§ 4.3.3.5), the MODIS NDVI time-series demonstrated 
significant differences between most field sites; however, the differences between sites of the same 
grass type were found to be much smaller.  The differences between sites were tested again using the 
AVHRR NDVI time-series.  As described in Chapter 3 (§ 3.4.3.2), if the F-statistic is large (and 
significant; p < 0.0001), the variables (field sites) within the tested population (group or cluster) are 
said to be significantly different from each other.  If the F-statistic is small and not significant, the 
variables (field sites) are similar to each other.  These ANOVA results are presented in Table 7.2, and 
the results from sites of different grass types are presented in Table 9.22 (Appendix 9.7.3).  Although 
many of these sites (within the same clusters) are statistically different from each other, the differences 
between sites from different clusters are much greater.  Consistent with the MODIS results, the sites 
within the Kimberley are all alike, whereas the Queensland sites are not similar to each other.  
Referring to Table 9.22 for example, NDVI time-series of Darnum (improved pastures), Brooklyn 
(mixed grasses) and Ryans Farm (native grasses) differed significantly (F = 223.81, p < 0.0001).             
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Table 7.2 ANOVA results of field sites using AVHRR NDVI data 
Grass type   Geographical region   F statistic P value 
Improved Pastures 
 
Southern Australia 
VIC and Simcocks 33.66 <0.0001 
VIC 37.19 <0.0001 
VIC (east of Melbourne) 33.40 <0.0001 
Improved Pastures and 
Mixed Grasses 
Southern and eastern 
Australia 
VIC, Simcocks and ACT/NSW 55.02 <0.0001 
Mixed Grasses  
 
Eastern Australia 
ACT/NSW 44.05 <0.0001 
Eastern ACT/NSW 0.98 0.3748 
Western ACT/NSW 20.57 <0.0001 
Native Grasses and 
Native Hummock 
Northern and central 
Australia 
QLD, Kimberley and Lorna Glen 36.39 <0.0001 
Native Grasses  Northern Australia 
QLD and Kimberley 28.17 <0.0001 
QLD 50.95 <0.0001 
Kimberley 5.75 0.0007 
All grass types Australia All sites 150.82 <0.0001 
 
In a manner similar to the MODIS data, these AVHRR ANOVA results have not only summarised the 
similarity and diversity between field sites, but have demonstrated that sites within a cluster (of the 
same grass type) are not identical.  Even though sites within each cluster are assumed to be somewhat 
similar, there is always a degree of dissimilarity. 
 
7.3.3 Curing prediction 
 
In order to predict curing from AVHRR, NDVI was correlated against in situ Levy rod curing 
measurements for each of the main grass types and for all grass types together (these correlations 
included all Australian sites with the exception of Simcocks and Lorna Glen).  These correlations, 
which are all significant (p < 0.0001) were computed from the complete time-series (the whole NDVI 
time-series) and are presented in this section.  The same correlations made from the critical curing 
period (where curing exceeds 60% and is increasing) are presented in Appendix 9.7.4.  These NDVI-
curing regressions were also used to predict curing, therefore, the NDVI-curing plots in this section 
are each accompanied by a plot of predicted curing against measured Levy rod curing.  Across all 
grass types, NDVI-predicted curing tends to deviate from the one-to-one line.  This was also evident 
for MODIS NDVI.  For each grass type and for all sites together, AVHRR NDVI has a moderately 
strong correlation with curing when using data from the whole NDVI time-series.  The same 
comparisons using MODIS; however, resulted in stronger correlations with smaller rmse values (Table 
5.1, § 5.3.2.4).   
 
First, at sites of improved pastures, a regression derived from AVHRR data from only the critical 
curing period does not reliably predict curing (Figure 9.86, Appendix 9.7.4), but the dataset from the 
complete time-series exhibits a relatively strong correlation (Figure 7.9).  At sites of mixed grasses, 
the dataset from the critical curing period exhibits a stronger correlation than at sites of improved 
pastures (Figure 9.87); however, this grass type‟s (mixed grasses) correlation (from the complete time-
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series) between NDVI and curing is relatively weak (Figure 7.10).  For this grass type and for native 
grasses, MODIS, again, exhibited a smaller rmse than AVHRR.  In comparison with improved 
pastures and mixed grasses, AVHRR performed best over the native grasses (Figure 7.11), with an 
error of 12.44%.  This grass type also exhibited the smallest error for the curing period dataset, with an 
rmse of 7.36%. (Figure 9.88).   
 
 
Figure 7.9 Improved pastures (excluding Simcocks): a) AVHRR NDVI against in situ Levy rod 
curing and b) in situ Levy rod curing against predicted curing (derived from NDVI) using the 
complete time-series. 
 
 
Figure 7.10 Mixed grasses: a) AVHRR NDVI against in situ Levy rod curing and b) in situ Levy 
rod curing against predicted curing (derived from NDVI) using the complete time-series. 
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Figure 7.11 Native grasses: a) AVHRR NDVI against in situ Levy rod curing and b) in situ Levy 
rod curing against predicted curing (derived from NDVI) using the complete time-series. 
 
For all field sites together (of these main grass types) AVHRR has shown to predict curing with a 
moderately strong correlation using the complete time-series (Figure 7.12), and like improved 
pastures, the dataset from the critical curing period does not exhibit strong correlations (Figure 9.89, 
Appendix 9.7.4).  Like MODIS, Figure 7.12b shows that NDVI tends to over estimate curing at low 
curing levels and under estimate at high curing levels, which is possibly an artefact of the regression 
method.  Although MODIS predicts curing with smaller error, AVHRR is still reliable (with a 16.44% 
error) in curing assessment. 
  
 
Figure 7.12 All sites (except Lorna Glen and Simcocks): a) AVHRR NDVI against in situ Levy 
rod curing and b) in situ Levy rod curing against predicted curing (calculated from: Predicted 
Curing = -118.35*(NDVI) + 102.29). 
 
7.3.4 AVHRR and MODIS Comparisons 
 
Accounting for the different characteristics of each sensor (§ 7.1), the NDVI values of MODIS are 
plotted against AVHRR in Figure 7.13a, which demonstrates a high positive correlation.  These NDVI 
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values, extracted from the complete time-series, comprise of all Australian sites except for Lorna Glen 
and Simcocks.  As described in section 7.3.2.1, the atmospheric effects are the primary cause of a 
lower AVHRR NDVI than MODIS NDVI, which was also found by Fensholt and Sandholt (2005).  
For each sensor, these NDVI values were correlated against in situ Levy rod curing measurements to 
predict curing.  The predicted curing values derived from each sensor are presented in Figure 7.13b.  
Despite the differences between MODIS and AVHRR, both sensors exhibit similar general results in 
the prediction of curing.     
 
 
Figure 7.13 MODIS and AVHRR comparisons of a) NDVI and b) Predicted curing (%) derived 
from NDVI. 
 
In addition to a direct comparison between sensors, the prediction of curing was further investigated 
by analysing the temporal variation of curing at each field site.  These predicted curing time-series are 
presented for three selected sites (Ballan, Braidwood and Mt Hart (Sandstone)) in Figure 7.14, and for 
each Australian field site in Figure 9.84 (Appendix 9.7.1).  
 
First, both Figure 7.13b and Figure 7.14 show that when grasslands are green, AVHRR curing is 
slightly higher than MODIS curing, but during the critical curing period, AVHRR curing values are 
slightly lower than MODIS.  The correlation between sensors; however, is strong, with an error (rmse) 
of only 6.75%.  Since both sensors exhibit similar time-series at these three sites, it gives even greater 
confidence in using NDVI for curing prediction, and most importantly, that the in situ Levy rod curing 
measurements match up very closely to the satellite time-series.  At other field sites (Figure 9.84); 
however, the time-series differ between sensors.  For instance, MODIS curing values are slightly 
higher than AVHRR at Brooklyn, Colinton and Majura.  At some field sites, the sensors may provide 
comparable time-series as each other, but the in situ measurements are not always closely associated 
with the satellite predicted values.  This is evident at Colinton, Darnum, Majura, Simcocks and 
Tidbinbilla.  The reasons for such variation between predicted curing (from each sensor) and measured 
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curing is most likely due to either error in field sampling or differences in spatial homogeneity, and 
hence, differences between sensors of their ground sample distance. 
 
 
Figure 7.14 Time-series at Ballan, Braidwood and Mt Hart (Sandstone) of in situ Levy rod 
curing and predicted curing derived from MODIS NDVI and AVHRR NDVI (January 2005 to 
January 2009). 
 
7.3.5 Historical Comparisons 
 
At this stage of the thesis, satellite observations (of both MODIS and AVHRR) were analysed within 
the 2005 to 2008 timeframe.  In this section, the timeframe has been extended back as far as 1992 
using AVHRR data.  This was to further examine how well AVHRR NDVI monitors curing from one 
season to the next.  AVHRR composites were collected from April 1992 to August 2009 providing a 
17-year time-series for each field site.  Using the NDVI-curing regression calculated previously in 
Figure 7.12, predicted curing time-series were generated for each site.  These time-series are presented 
in Figure 7.15 at four sites in southeastern Australia and in Figure 7.16 at four sites in northern 
Australia.  First, all three sets of observations (MODIS, AVHRR and in situ Levy rod curing 
measurements) are highly correlated.  Secondly, during the 2005 to 2008 timeframe, the Kimberley 
sites (of ungrazed native grasses) tend to exhibit lower NDVI values than sites in Victoria (of grazed 
improved pastures).  The predicted curing values in the Kimberley are therefore generally higher than 
the Victorian sites (§ 9.7.1).  This is evident in Figure 7.15 and Figure 7.16, whereby Parry Lagoons 
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and both sandstone sites exhibit consistently higher curing than Ballan, Caldermeade and Kaduna.  
During the greenest phase of grass, for example, the Victorian sites drop to ~20% cured; however, the 
Kimberley sites remain above ~30 to 40% during their greenest period.  This minimal curing range is 
possibly an artefact of the Levy rod analysis, since throughout the complete time-series, the lowest 
curing levels sampled (at the Kimberley sites) were 37% using the Levy rod technique, but were 33% 
and 20% using the destructive sampling and visual observation methods respectively.  Generally, the 
Kimberley sites do not appear as “green” as the Victorian sites, as the native grasses in the Kimberley 
region have higher exposure of bare soil and the canopy structure of native grasses (for example, spear 
grasses) differ from that of improved pastures (for example, clovers) (§ 3.2.3).  Additionally, the 
Kimberley sites are not grazed as frequently (if at all) as the Victorian sites.  Even though some native 
grasses remain green throughout the whole curing season; the grasslands in the Kimberley tend to 
carry old dead growth from preceding years (§ 2.2.1).   
 
Next, Figure 7.15 and Figure 7.16 both demonstrate that for all field sites, the amplitude of variation 
seems to have increased from 1997 onwards; however, the 2005 to 2008 timeframe does not stand out 
from the 1992 to 2009 curing history.  Despite some variability, these few years appear representative 
of the whole 17-year period.  Over the last century; however, variability in Australia‟s climate may 
demonstrate these years to be atypical.  As shown in Figure 9.90 (§ 9.7.5), the mean annual rainfall 
(calculated by the BOM from a 1900 to 2008 dataset) is slightly below average in 2005, but above 
average from 2006 to 2008.  These rainfall statistics; however, are averaged across the whole 
continent, and rainfall events do not occur evenly throughout each year.  Nonetheless, even though 
these years are not anomalous from a historical perspective, there is high variability in rainfall over 
time.  The annual maximum temperatures, on the other hand, are above average between 2005 and 
2008 (Figure 9.91, § 9.7.5).  Owing to a positive trend (in annual maximum temperature) of 0.07°C 
per decade (BOM, 2008), the temporal behaviour of curing in 2005 is likely to differ from 1920 (for 
example).  Taking this climate variability into consideration, the results in this thesis have been 
extracted from an increasingly warm timeframe, with close-to-average annual rainfall.   
 
As shown in Figure 7.15, the amplitude of curing tends to vary from one season to the next.  At 
Ballan, for example, the improved pastures did not rise beyond ~80% cured in 1996, but exceeded this 
curing level in 1997.  Having said this, from winter to spring in 1996, the curing level dropped to 27% 
at this site, and dropped even further to 21% the same time the following year.  Depending on climate 
conditions over the 17-year timeframe (§ 9.7.5), the pastures generally fluctuate between ~25% and 
~80%.  
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Figure 7.15 Time-series at Ballan, Caldermeade, Kaduna and Majura of in situ Levy rod curing 
and predicted curing derived from MODIS NDVI and AVHRR NDVI (April 1992 to August 
2009). 
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Figure 7.16 Time-series at Lakefield, Mt Hart (Sandstone), Parry Lagoons and Silent Grove 
(Sandstone) of in situ Levy rod curing and predicted curing derived from MODIS NDVI and 
AVHRR NDVI (April 1992 to August 2009). 
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Moreover, no matter what amplitude each year exhibits, the pastures at this site at least have a curing 
range from 50 to 70% every year.  Similarly, this 50 to 70% range falls within most curing seasons at 
Caldermeade, Kaduna, Majura and Braidwood.  At the Kimberley sites; however, the higher curing 
values have caused the grasslands to reach above ~90% in the driest conditions, but only fall to ~60% 
when green.  Therefore, to capture a period of time when curing is progressing every year at these 
field sites; it is typically between 70 and 90%.  For the southeastern sites, the 50 to 70% thresholds 
were used to examine the timing of when curing approaches these levels for each year.  The number of 
days it takes to reach 70% from 50% was also explored.  Likewise, for Mt Hart (Sandstone), Parry 
Lagoons and Silent Grove (Sandstone), the 70 to 90% thresholds were used.  At sites in Queensland; 
however, the timing of curing was examined at a threshold of 65 and 85%.   
 
As shown in Figure 7.17 and Figure 7.18, this curing history was further examined at these field sites.  
At five sites in southeastern Australia, Figure 7.17 shows the time of year for curing to reach 50% and 
70%, as well as the number of days taken to progress between these thresholds.  Similarly, Figure 7.18 
presents the same results for five sites in northern Australia but using 70 to 90% thresholds for the 
Kimberley sites and 65 to 85% thresholds for sites in Queensland.  Firstly, at Ballan, the months and 
number of observations in which curing rose through 50% (from 1992 to 2009) are presented in Figure 
7.18a.  At this site, the pastures typically reach 50% in January, but increase to 70% (Figure 7.18b) in 
the same month.  Therefore, the number of days taken to progress from 50 to 70% is generally small 
(Figure 7.18c).  At Majura; on the other hand, the mixed grasses at this site usually reach 50% in 
December, and 70% in January.  While this site starts curing earlier than Ballan, both sites reach 70% 
around the same time.  In contrast, the native grasses at Mt Hart (Sandstone) typically cure up to 70% 
in June (Figure 7.18a) and 90% in November (Figure 7.18b).  Owing to the relatively slow curing rate 
of this grass type, the time taken to reach from 70 to 90% is ~120 to 200 days (Figure 7.18c).  Overall, 
the similarity of these sites suggests that they have captured the typical structure of the curing process 
for other sites of their same grass type and in the same geographical region.   
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Figure 7.17 Time of year (month) for curing to reach 50% and 70%, and the number of days 
taken to progress from 50 to 70% at five field sites in southeastern Australia.  Note, sixteen-
month periods are presented. 
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Figure 7.18 Time of year (month) for curing to reach 70% and 90% at three Kimberley sites, 
and from 65 to 85% at two Queensland sites, and the number of days taken to progress between 
these thresholds. Note, sixteen-month periods are presented. 
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In order to observe how curing varies at three of these sites (Ballan, Majura and Mt Hart (Sandstone)) 
from one season to the next, the curing time-series are presented for each year from 1992 to 2009.  At 
Ballan, Figure 7.19 first illustrates (in Figure 7.19a) the progress of curing from November to April for 
each year.  Note that the AVHRR composite dates are the same for every year (these composite dates 
are labelled on the x axis).  In Figure 7.19b, the mean and standard deviation of these (seventeen) 
curing time-series is presented.  Owing to climate variability, there is high variation between seasons.  
The summer of 2006/2007 (denoted as “06 to 07”), for example, is shown to be a much drier year 
(with potentially less fuel load) than the summer of 2004/2005 (“04 to 05”).  In general, from 1992 to 
2009, these improved pastures tend to cure from early November to late January, and from early 
February; the degree of curing reaches an asymptote. 
 
 
Figure 7.19 Ballan: time-series of seventeen individual curing seasons from 1992 to 2009, and a 
mean time-series of the seventeen seasons. 
 
At Majura, Figure 7.20 also demonstrates high variability in curing from one season to the next.  This 
is not only due to climate conditions, but also variations in grazing intensity.  The mixed grasses at this 
site commence curing around late October, and the maximum degree of curing is generally attained 
from mid-January to early February.  Throughout March and April, the curing level remains relatively 
high (at around ~80%), but during these months, the curing degree seems to fluctuate, subtly 
decreasing in March and then increasing in April.  This is more apparent in some years than in others, 
and it is likely caused by autumn rainfall events, resulting in secondary growth.       
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Figure 7.20 Majura: time-series of seventeen individual curing seasons from 1992 to 2009, and a 
mean time-series of the seventeen seasons. 
 
In contrast with Ballan and Majura, curing at Mt Hart (Sandstone), which occurs during the winter 
months, is less variable between seasons.  Figure 7.21 shows that the native grasses of this site cure 
slowly and at a steady pace from March to November. This slow process is typical of most tropical 
native grasses, particularly in the Kimberley (Figure 3.13, § 3.4.3.2).  Since these AVHRR composites 
were collected up to August 2009, Figure 7.21 shows that the time-series of 2009 does not continue 
past August.  From this month onwards; however, it can be assumed that curing will steadily increase 
from ~80 to ~85%.  This 85% maximum is likely to be attained by mid-October, which will level out 
until late November.  
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Figure 7.21 Mt Hart (Sandstone): time-series of seventeen individual curing seasons from 1992 
to 2009, and a mean time-series of the seventeen seasons. 
 
 
7.4 SUMMARY 
 
In summary, AVHRR has shown similar results to MODIS.  Since the AVHRR observations assessed 
in this thesis are not atmospherically corrected, the AVHRR time-series are generally noisier than the 
MODIS time-series.  The AVHRR red and NIR bands, for example, were shown to exhibit moderately 
weak correlations against curing (Figure 7.3).  Although some spectral response was evident, this 
response was not as strong for curing prediction (Figure 7.4) as that of MODIS.  NDVI, on the other 
hand, was able to track the majority of the phenological cycle at most grassland field sites (Figure 7.5, 
Figure 7.6 and Figure 7.7).  In a manner similar to MODIS, the AVHRR NDVI time-series were 
therefore used to independently determine the clustering of field sites from Chapter 4 (§ 4.3.3.5).  
Between sensors, the same general clusters of sites were observed. 
 
In order to assess curing via NDVI, AVHRR had shown to exhibit moderately strong correlations 
against curing.  However, possibly owing to the atmospheric correction of the MODIS dataset, 
MODIS offered a significant improvement over AVHRR in terms of curing prediction from the 
satellite data used in this study.  As summarised in Table 7.3, MODIS exhibited smaller rmse values 
than AVHRR; however, results would have differed if atmospherically corrected AVHRR data were 
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compared with MODIS.  On the other hand, direct comparisons between sensors (Figure 7.13) show 
that the predicted curing values of both sensors were highly correlated.  This was also evident in the 
predicted curing time-series for each field site (Figure 7.14 and Figure 9.84). 
   
Table 7.3 Rmse values from correlations between Levy rod curing (%) and NDVI (derived from 
AVHRR and MODIS). 
 
Sensor 
All  sites (except 
Lorna Glen) 
Improved 
pastures 
Mixed grasses Native grasses 
Complete time-series AVHRR 16.44 15.59 16.87 12.44 
MODIS 11.84 10.92 10.52 8.63 
Curing > 60% AVHRR 10.14 11.44 9.39 7.36 
MODIS 8.20 7.73 8.22 6.09 
 
Finally, the curing time-series were also extended back to 1992.  This curing history gave an insight 
into the seasonal variability of curing owing to variability in climate, and in some cases, variability in 
grazing intensity.  Despite these variations; however, these historical comparisons supported 2005 to 
2008 to be a representative timeframe (of these seventeen years at least) for curing assessment. 
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8 CONCLUSIONS 
 
8.1 INTRODUCTION   
 
This chapter concludes the overall results and findings of this thesis, which were structured into five 
research chapters.  Following a comprehensive review of the literature, the research commenced 
(Chapter 3) with a descriptive analysis of the characteristics and spatial homogeneity at each grassland 
field site.  For each of these sites, in situ observations were analysed, including FMC and curing 
measurements as well as laboratory and field spectroscopy.  The seasonal variation of grasslands was 
then investigated using MODIS satellite observations (Chapter 4), before comparing these MODIS 
data with in situ observations (in Chapter 5) to identify a vegetation index and a MLR (multiple linear 
regression) to best predict grassland curing.  Owing to spatial homogeneity (or lack of) at each field 
site, these in situ and MODIS comparisons were tested against spatial scale to assess changes in land-
cover type affect the results (Chapter 6).  The results presented throughout the thesis were compared 
with findings from previous research, as many past studies have assessed grassland curing, but mainly 
using the AVHRR.  Therefore, in place of MODIS, the final chapter (Chapter 7) presents the same in 
situ and satellite comparisons using AVHRR data.   
 
Prior to a discussion of the limitations of this research and suggestions made for future work, the key 
results of each research chapter are summarised in response to each research question (§ 1.3.1). 
 
1. Which spectral regions exhibit the strongest response to changes in grassland curing? 
 
Since curing (senescence) results in changing levels of chlorophyll, cellulose, water content 
and also changes in cellular structure, these physiological factors result in spectral reflectance 
changes in grasslands.  In addition to satellite remote sensing, the field and laboratory 
spectroscopy validated these spectral responses, and gave an insight into the behaviour of 
grasslands with curing via contiguous in situ reflectance spectra.  Concurrent with findings 
reported by Yebra et al. (2008), the spectral results demonstrated that as grasses cure, the 
reflectance tends to increase in the visible and MIR owing to reductions in chlorophyll and 
water absorption concentrations respectively, but in the NIR, some variation in spectral 
response was evident.  From 700 to 1100 nm, hence at MODIS band 2, the reflectance 
decreased and then increased as curing progressed.  This part of the spectrum was shown to be 
highly sensitive to curing, as band 2 has continued to perform well as a component of 
vegetation indices for curing assessment.  Between 1100 and 1300 nm, the reflectance 
increased initially then decreased with curing.  In addition to water and chlorophyll content, 
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this region, and hence band 5, was potentially sensitive to a number of factors including: soil 
background, scattering between cell walls, and between leaf canopies of cured grass and 
secondary growth.  The relative importance of these factors; however, were not investigated in 
this research.  Additionally, the two MODIS MIR bands (6 and 7), sensitive to water content, 
were also able to distinguish cured grass from bare soil when combined with NDVI in a 
multiple regression.  Overall, the spectral regions/bands that exhibited the greatest response to 
curing were the red (band 1) and NIR (band 2) regions.  Even though, for all Australian field 
sites, band 2 exhibited a relatively weak correlation (rmse = 18.66%, p < 0.0001) with curing, 
band 1 (in comparisons with other MOD09 bands) was shown to exhibit the strongest 
correlation (rmse = 15.11%, p < 0.0001).  The dissimilarity between these two bands resulted 
in great sensitivity to changing curing levels.  This is perhaps the reason why NDVI continues 
to outperform other vegetation indices in curing assessment.  The good performance of NDVI 
is likely explained by its sensitivity to chlorophyll, which can track curing better than water 
content or internal structural changes.  This is because visual field curing measurements assess 
the colour of the grasslands, and not the water content (directly). 
  
2. How may satellite measurements in several spectral bands be best combined to 
quantitatively estimate the degree of curing? 
 
Results for this research have shown that since the MOD09 bands cannot predict curing alone, 
they are best combined as either vegetation indices or MLRs.  The best performing indices 
utilise MODIS band 2 (NIR) as a function with another band in the visible or MIR.  This 
research reported numerous vegetation indices to exhibit strong correlations with curing.  
Since many indices were functionally equivalent to NDVI and as no particular index was 
found to predict curing any better than NDVI (Australian-wide), a candidate list of best-
performing indices was selected for exhibiting the strongest correlations with curing.  
Regardless of the contrasting results between grass types (and hence, geographical regions), 
the best curing-predicting indices for each of the main grass types (improved pastures, native 
grasses and mixed grasses) were NDVI and mNDVI.  Even though these two indices predicted 
curing with moderately small error (rmse) of 11.84 and 11.64% respectively (across all three 
of the main grass types), the two candidate MLRs “a” (NDVI and the ratio of band 7 over 
band 6) and “b” (NDVI, band 5, and the ratio of band 7 over band 6) reduced this error even 
further to 10.46 and 10.21% respectively.   
 
Although this research has focused on MODIS satellite measurements for curing prediction, 
AVHRR measurements were also compared with in situ curing observations to enable the 
creation of a long history of curing.  Findings demonstrated that AVHRR can successfully 
track the curing of grasslands but not as consistently as MODIS.  These AVHRR 
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observations; however, were not atmospherically corrected, and are therefore noisier than the 
MOD09 data.  Although AVHRR NDVI did not correlate as strongly with curing as MODIS, 
results from both sensors supported the high performance of NDVI in curing prediction.  
Having said this, the in situ and satellite comparisons were extracted from a relatively short 
timeframe from 2005 to 2008.  Owing to climate variability between seasons (years); it cannot 
be automatically assumed that these few years are “typical” or “representative” from a 
historical perspective.  However, using AVHRR time-series; the years between 2005 and 2008 
were found to be representative of a timeframe from 1992 to 2009.  This confirmed the 
satellite and in situ comparisons to be valid for satellite prediction of curing. 
 
3. How do factors such as grassland type and climate influence satellite-based curing 
estimates, and hence, how do these estimates vary in different geographical regions? 
 
The investigation of each MOD09 band and vegetation index identified temporal behaviour 
differences between field sites of different grass types, which coincide with different 
geographical regions, and hence climate zones.  Sites of tropical native grasslands in northern 
Australia, for instance, tend to undergo a much slower curing process than improved pastures 
in southern Australia.  The curing time-series of mixed grasslands (in ACT/NSW), on the 
other hand, are not as consistent between seasons.  These grass types also have contrasting 
canopy structures.  Native grasses are generally sparser with higher exposure of bare soil than 
improved pastures, native grasses are also not subjected to frequent grazing.  Structural 
differences between grass types tend to influence the spectral reflectance of grasslands, 
particularly in the NIR.  Additionally, this research has reported that the minimum and 
maximum NDVI of native grasses is generally lower than improved pastures.  The degree of 
curing is therefore generally higher at sites of native grasses than improved pastures.            
 
4. How do non-grassland surfaces, such as tree cover, influence the performance of curing 
algorithms, and how does the accuracy of curing estimates vary with spatial scale? 
 
Firstly, in Chapter 3, using Landsat imagery, each site was explored for its grass and soil type, 
climate, and spatial homogeneity.  In this research, it was shown that, for each site, the 
MODIS data can be extracted from a single pixel (from which the location was determined) 
with confidence that it is representative of the field sampling site, and that the pixel is (for 
most sites) surrounded by a buffer of 500 m in all directions that allows for pixel shift due to 
nearest neighbour resampling and georeferencing error of MODIS (MOD09).  The single 
pixel has, therefore, minimised “contaminated data” from tree cover, and other non-grassland 
surfaces.  In Chapter 6; however, spatial scale was explored to investigate the robustness of 
the candidate vegetation indices and MLRs for curing assessment across the landscape.  It was 
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reported that some field sites are not as homogeneous as other sites.  This was mostly due to 
surrounding tree cover, bodies of water, urbanisation (at only a few sites), mixtures of native 
grasses and improved pastures, potentially different exposures of bare soil, and also different 
curing levels across the landscape.  Having said this, an assumption was made, that the spatial 
variation in a curing estimate has contributions from spatial variation in “true” curing (same 
for all algorithms) and the sensitivity of algorithms to non-curing characteristics of the 
surface, which are preferably minimised.  These factors (predominantly tree cover) have a 
profound effect on the MODIS satellite observations taken over these field sites, and hence the 
accuracy in curing prediction (using NDVI) tends to fall with an increase in spatial scale.  By 
deriving an algorithm from MLR (a) or (b), on the other hand, the exposure of bare soil can be 
accounted for.  Both MLRs comprise the VI(7/6) ratio, which can distinguish bare soil from 
cured grass, and NDVI, which can distinguish cured grass from green grass.  These MLRs 
have also reduced the error in curing prediction over grasslands affected by tree cover.  
Overall, the candidate vegetation indices exhibited similar correlations with curing, and again, 
no index was shown to outperform NDVI and mNDVI.  The MLRs, on the other hand, were 
able to reduce the error in curing prediction across the landscape.   
 
8.2 LIMITATIONS   
 
This PhD research was limited to the collection of in situ data mandated and collected by the Bushfire 
CRC.  Firstly, the field sites (outside of Victoria) were selected by the CRC and affiliated fire and land 
management agencies prior to the commencement of this research.  Owing to the heterogeneity of 
some sites, a large number of sites were excluded from this thesis as they were not suitable for satellite 
observations.  This was unfortunate since many regions across Australia and New Zealand were not 
represented.  Secondly, many field sites (such as Simcocks and Lakefield) comprised very few 
samples.  This limited the confidence in any correlations against satellite measurements at these sites.  
Having said this, error in field sampling could potentially contribute to the cause of error exhibited in 
correlations against satellite data.  For instance, using data from all Australian field sites, the 
prediction of curing from NDVI (and any other index for that matter) was found to over estimate 
curing at low curing levels and under estimate at high curing levels, which is possibly an artefact of 
the regression method.  With the intention of providing an algorithm to fire agencies for operational 
use of better curing prediction, the statistical error that these indices exhibit would need to be 
corrected for. 
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8.3 SUGGESTIONS FOR FUTURE WORK  
 
Owing to a number of factors, further work could refine the assessment of grassland curing across 
Australia and New Zealand.  Firstly, the in situ and satellite comparisons carried out at all Australian 
field sites need to be made for all New Zealand sites.  Owing to high amount of tree cover and 
topographical variation in New Zealand, these sites tend to be less homogeneous than most Australian 
sites.  The accuracy in curing prediction at the New Zealand sites would be expected to decline with 
increases in spatial scale, but the methodologies used for the Australian sites are a guide to providing 
an accurate assessment for New Zealand grasslands.  Moreover, this research assessed curing at only 
twenty-one field sites in Australia.  To validate this research across the whole continent, the in situ 
dataset could be extended to cover regions, which were not covered in this thesis (§ 8.2).  These 
regions include South Australia, Northern Territory and Tasmania. 
 
Secondly, curing was assessed at sites of different grass types, which are located in different 
geographical regions, and hence in different climate zones.  In order to use an algorithm based on data 
from improved pastures, for example, this algorithm cannot be applied to the whole state of Victoria, 
as this would assume that all grasslands in Victoria are improved pastures.  To overcome this issue, 
grassland maps would be required.  The grass type algorithms proposed in this research could then be 
used to predict curing at regional and state levels.  In addition to grasslands maps; however, another 
two coverages would further improve this assessment.  As a few field sites are in close proximity to 
bodies of water and tree cover, it would be useful to repeat these in situ and satellite comparisons 
using masks to remove bodies of water and trees.  By masking out forests and woodlands; however, 
curing would not be assessed for grasses within these woodland regions.  The fraction of tree cover 
could then be investigated, up to which the curing estimates of the grass understorey are acceptable. 
 
Thirdly, since the AVHRR data assessed in this research were not corrected for atmospheric effects, 
“less noisy results” would be gained if these in situ curing measurements were correlated against 
NDVI derived from atmospherically corrected AVHRR observations.  These correlations could also 
be used to develop a curing history from a 25-year archive of AVHRR data.   
 
Next, since AVHRR was the only sensor compared with MODIS, the similarity between sensors was 
likely to provide similar results.  In future, in situ comparisons can also be made with data from other 
satellite sensors, such as the Envisat Medium-spectral Resolution Imaging Spectrometer (MERIS), or 
the Visible Infrared Imaging Radiometer Suite (VIIRS), which, onboard the future USA National 
Polar-Orbiting Environmental Satellite System, is an evolved form of MODIS.  Owing to the similar 
bands and resolution between MODIS and VIIRS, the MODIS-based algorithms could be utilised by 
VIIRS with little modification required.  Since these sensors can assess similar land-cover attributes to 
MODIS (that is, vegetation water content, chlorophyll content, greenness and soil correction), the 
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volume of biomass and vegetation structure can also be investigated using data from airborne sensors, 
such as LIDAR (Light Detection and Ranging). 
 
In summary, this research has provided improvements to current satellite remote sensing methods for 
the assessment of grassland curing across Australia and New Zealand.  Rather than deriving a satellite 
algorithm from in situ visual observations carried out in Victorian improved pastures alone, this 
research has used the more accurate Levy rod technique at twenty-one field sites in Australia of 
different soil and grass types, and in different climate zones (§ 3.2.2).  Using MODIS satellite imagery 
to capture these grasslands, the results from this thesis have confirmed NDVI to be one of the best 
performing indices for curing prediction across a wide range of grass types.  This research has 
developed a MODIS-based algorithm, with quantified uncertainty, applicable across much of 
Australia.   
 
It is hoped that the information produced from this research will therefore provide the basis for sound 
science to support fire management across Australia and New Zealand in protecting life and property 
from grassfires, as well as using fire safely and effectively. 
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9 APPENDICES 
 
9.1 LITERATURE SUMMARY 
 
9.1.1 MODIS Background 
 
Table 9.1 All 36 MODIS bands; each with its spectral range.  The spatial resolution is 250 m for 
bands 1 to 2, 500 m for bands 3 to 7, and 1000 m for bands 8 to 36. * Bands 1 to 19: nm, and 
bands 20 to 36: µm.  Source: (NASA, 2008). 
Primary use   Band Width (nm/µm)* 
Land / Cloud / Aerosols Boundaries 1 620 – 670 
2 841 – 876 
Land / Cloud / Aerosols Properties 3 459 – 479 
4 545 – 565 
5 1230 – 1250 
6 1628 – 1652 
7 2105 – 2155 
Ocean Colour / Phytoplankton /  Biogeochemistry 8 405 – 420 
9 438 – 448 
10 526 – 536 
11 546 – 556 
12 662 – 672 
13 662 – 672 
14 673 – 683 
15 743 – 753 
16 862 – 877 
Atmospheric Water Vapour 17 890 – 920 
18 931 – 941 
19 915 – 965 
Surface / Cloud Temperature 20 3.660 – 3.840  
21 3.929 – 3.989 
22 3.929 – 3.989 
23 4.020 – 4.080 
Atmospheric Temperature 24 4.433 – 4.498 
25 4.482 – 4.549 
Cirrus Clouds Water Vapour 26 1.360 – 1.390 
27 6.535 – 6.895 
28 7.175 – 7.475 
Cloud Properties 29 8.400 – 8.700 
Ozone 30 9.580 – 9.880 
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Surface / Cloud Temperature 31 10.780 – 11.280 
32 11.770 – 12.270 
Cloud Top Altitude 33 13.185 – 13.485 
34 13.485 – 13.785 
35 13.785 – 14.085 
36 14.085 – 14.385 
               
Table 9.2 Centre Wavelengths and bandwidths for MODIS bands 1 to 7, calculated by 
combining the response between the lower 1% response wavelength and the upper 1% response 
wavelength (Jupp, 2003). 
Band Centre Wavelength (nm) (1%/1%) Bandwidth (nm) (1%/1%) 
1 646.5 41.8 
2 856.7 39.4 
3 465.6 17.6 
4 553.7 19.7 
5 1241.9 24.5 
6 1629.1 29.7 
7 2114.3 52.9 
 
 
9.1.2 Vegetation index summary 
 
Table 9.3 List of vegetation indices and a number of past studies that have utilised each index  
A
tt
ri
b
u
te
s Vegetation Index Spectral 
bands 
(nm) 
Satellite or 
Instrument 
Selected Past Studies 
G
re
en
n
es
s Normalised 
Difference 
Vegetation 
Index 
NDVI Red, 
NIR 
AVHRR (Allan et al., 2003) Tropical Savannas (NT,  
Australia) 
(Chladil and Nunez, 
1995) 
Grasslands (TAS, Australia) 
(Chuvieco et al., 2003) Grasslands (Spain) 
(Dilley et al., 2004) Grasslands (VIC, Australia) 
(Hill and Donald, 2003) Agricultural pastures (WA, 
Australia) 
(Lu et al., 2003) Woodlands/Grasslands (NSW, 
Australia) 
(Piao et al., 2006) Grasslands (China) 
(Paltridge and Barber, 
1988) 
Grasslands (VIC, Australia) 
(Smith et al., 1995) Wheat fields (WA, Australia) 
MODIS (Chen et al., 2005) Corn/Soybean fields (Iowa 
USA) 
(Gitelson et al., 1996) Deciduous Trees – Horse 
chestnut and Norway Maple 
(Moscow, Russia) 
(Hill et al., 2006) Wet sclerophyll forest (NSW 
Australia) 
(Stow et al., 2006) Chaparral (California USA) 
(Xiao et al., 2005) Rice fields (southern China) 
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(Yebra et al., 2008) Grassland / shrubland 
(Cabaneros National Park, 
Spain) 
MODIS 
/AVHRR 
(Fensholt and Sandholt, 
2005) 
Drylands (Senegal, West 
Africa) 
MODIS 
/AVIRIS 
(Cheng et al., 2006) Crops, shrublands, Conifer 
forests (California, Arizona and 
Maine, USA) 
MODIS 
/Landsat/ Field 
Spectrometer 
(Cheng, 2006) Cereal crops/grasslands (China) 
AVIRIS/Field 
spectrometer 
(Rahman et al., 2003) Chaparral/Grasslands 
(California, USA) 
Field 
spectrometer 
(Claudio et al., 2006) Chaparral (San Diego, USA) 
(Sims and Gamon, 2003) Mixed species (California, 
USA) 
(modeling) (Huete, 1988) Cotton fields/Grasslands 
(Arizona, USA) 
Multi modular 
radiometer 
(Qi et al., 1994) Cotton fields (Arizona, USA) 
Landsat 
TM/ETM+ 
(Jackson et al., 2004) Corn/Soybean fields (Iowa 
USA) 
Relative 
Greenness 
Index 
RGI 
(NDVI) 
Red, 
NIR 
AVHRR (Burgan et al., 1998) Mixed species (California, 
USA) 
RGI 
(VARI) 
Green, 
Red, 
Blue 
Green 
Vegetation 
Index 
gVI Green, 
Red 
MODIS 
/MERIS 
(Gitelson et al., 2002a) Wheat fields (Beer-Sheva, 
Israel) 
S
o
il
 C
o
rr
ec
ti
o
n
 
Soil Adjusted 
Vegetation 
Index 
SAVI Red, 
NIR 
(modeling) (Huete, 1988) Cotton fields/Grasslands 
(Arizona, USA) 
MODIS (Yebra et al., 2008) Grassland / shrubland 
(Cabaneros National Park, 
Spain) 
Modified Soil 
Adjusted 
Vegetation 
Index 
mSAVI Red, 
NIR 
Spot/Field Multi-
Modular 
Radiometer 
(Qi et al., 1994) Cotton fields (Arizona, USA) 
MODIS (Huete et al., 1994) 
Perpendicular 
Vegetation 
Index 
PVI Red, 
NIR 
Spot / Field 
Multi-Modular 
Radiometer 
(Huete et al., 1985) Cotton fields (Arizona, USA) 
 (Qi et al., 1994) 
SPOT (Wiegand et al., 1991) Crops (Texas) 
Weighted 
Difference 
Vegetation 
Index 
WDVI Red, 
NIR 
Spot/Field 
Multi-Modular 
Radiometer 
(Qi et al., 1994) Cotton fields (Arizona, USA) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
A
tm
o
sp
h
er
ic
 C
o
rr
ec
ti
o
n
 Atmosphericall
y Resistant 
Vegetation 
Index 
ARVI Blue, 
Red, 
NIR 
Field Spectro-
photometer 
/MODIS 
(Gitelson et al., 1996) Deciduous Trees – Horse 
chestnut and Norway Maple 
(Moscow, Russia) 
MODIS (Kaufman and Tanre, 
1996) 
Forests/Grasslands (France) 
Global 
Environmenta
l Monitoring 
Index 
GEMI Red, 
NIR 
AVHRR (Pinty and Verstraete, 
1992) 
Mixed Species 
MODIS (Yebra et al., 2008) Grassland / shrubland 
(Cabaneros National Park, 
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Spain) 
Soil and 
Atmospherica
lly Resistant 
Vegetation 
Index 
SARVI Blue, 
Red, 
NIR 
MODIS (Huete et al., 1994) Cotton fields (Arizona, USA) 
Aerosol - Free 
Vegetation 
Index 
AFVI NIR, 
2100 
and 
NIR, 
1600 
ASD Spectro- 
radiometer 
(Karnieli et al., 2001) Burned Forests (Brazil) 
Visible 
Atmospherica
lly Resistant 
Index 
VARI Green
, Red, 
Blue 
MODIS 
/MERIS 
(Gitelson et al., 2002a) Wheat fields (Beer-Sheva, 
Israel) 
MODIS (Stow et al., 2006) Chaparral (California USA) 
(Yebra et al., 2008) Grassland / shrubland 
(Cabaneros National Park, 
Spain) 
L
ea
f 
P
ig
m
en
t 
a
n
d
 C
h
lo
ro
p
h
y
ll
 C
o
n
te
n
t Sum Green 
Index 
SGI Green Field - Leaf 
Reflectometer 
(Gamon and Surfus, 
1999) 
Mixed species (California, USA) 
Red Green 
Ratio Index 
RGRI Red, 
Green 
Field - Leaf 
Reflectometer\F
ield spectro-
meter 
(Gamon and Surfus, 
1999) 
Mixed species (California, 
USA) 
(Sims and Gamon, 2002) 
Photochemica
l Reflectance 
Index 
PRI 531, 
570 
Field Spectro-
meter 
(Sims and Gamon, 2002) Chaparral/Grasslands 
(California, USA) 
Green 
Normalised 
Difference 
Vegetation 
Index 
GNDVI NIR, 
Green 
Field Spectro-
photometer 
/MODIS 
 
(Gitelson et al., 1996) Deciduous Trees – Horse 
chestnut and Norway Maple 
(Moscow, Russia) 
Enhanced 
Vegetation 
Index 
EVI Blue, 
Red, 
NIR 
MODIS (Huete and Didan, 2004) Conifer forests, woodland, 
savanna, grassland, desert 
shrubland (Arizona, USA) 
(Fensholt and Sandholt, 
2005) 
Drylands (Senegal, West 
Africa) 
(Huete et al., 2002) Grasslands/Scrublands/Savanna
s/Tropical forests (Brazil/ 
Mexico/ USA) 
(Nagler et al., 2007) Grassland / Shrubland (Arizona, 
USA) 
(Stow et al., 2006) Chaparral (California USA) 
(Xiao et al., 2005) Rice fields (southern China) 
(Yebra et al., 2008) Grassland / shrubland 
(Cabaneros National Park, 
Spain) 
MODIS  
/AVIRIS 
(Cheng et al., 2006) Crops, shrublands, Conifer 
forests (California, Arizona and 
Maine, USA) 
MODIS 
/Landsat/Field 
Spectrometer 
(Cheng, 2006) Cereal crops/grasslands (China) 
Simple Ratio 
Index 
SRI Red, 
NIR 
Landsat TM (Tucker, 1979) Grasslands (USA) 
680, 
800 or 
750, 
Field 
Spectrometer 
(Sims and Gamon, 
2002; Sims and Gamon, 
2003) 
Mixed species (California, 
USA) 
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705 
Modified 
Simple Ratio 
Index 
mSRI NIR, 
Blue, 
Red 
Field 
Spectrometer 
(Sims and Gamon, 2002) Mixed species (California, 
USA) 
 
Modified 
Normalised 
Difference 
Vegetation 
Index 
mNDVI NIR, 
Blue, 
Red 
Field 
Spectrometer 
(Sims and Gamon, 2002) Mixed species (California, 
USA) 
 
Chlorophyll 
Absorption 
Ratio Index 
CARI 550, 
670, 
700 
Field Spectro- 
radiometer 
(Broge and Mortensen, 
2002) 
Wheat fields (Denmark) 
Triangular 
Vegetation 
Index 
TVI 550, 
670, 
750 
PROSPECT leaf 
optical model 
(Broge and Leblanc, 
2001) 
Mixed species 
W
a
te
r 
C
o
n
te
n
t Vegetation 
Water Stress 
Index 
VWSI NIR, 
SWIR 
Landsat (Ghulam et al., 2008) Wheat fields (China) 
Water band 
Index 
WBI 
 
900, 
970 
 
AVIRIS 
 
(Rahman et al., 2003) Chaparral/Grasslands 
(California, USA) 
Field 
spectrometer 
(Claudio et al., 2006) Chaparral (San Diego, USA) 
Simple Ratio 
Water Index 
SRWI 860, 
1240 
 
MODIS (Zarco-Tejada et al., 
2003) 
Chaparral (California, USA) 
Shortwave 
Infrared 
Water Stress 
Index 
SIWSI 
(5) 
1240, 
860 
MODIS 
/AVIRIS 
(Fensholt and Sandholt, 
2003) 
Drylands (Senegal, West 
Africa) 
SIWSI 
(6) 
1640,  
860 
(Fensholt and Sandholt, 
2003) 
Drylands (Senegal, West 
Africa) 
(Cheng et al., 2006) Crops, shrublands, Conifer 
forests (California, Arizona and 
Maine, USA) 
Normalised 
Difference 
Water Index 
 
NDWI 
(5) 
860, 
1240 
 
MODIS 
/AVIRIS 
 
(Gao, 1996) Mixed vegetation (including 
Conifer forests) (California and 
Colorado, USA) 
(Roberts et al., 2005) Mixed vegetation (including 
grassland, shrubland, chaparral, 
oaks) (Santa Monica Mountains, 
Los Angeles and the Rocky 
Mountains USA) 
(Cheng et al., 2006) Crops, shrublands, Conifer 
forests (California, Arizona and 
Maine, USA) 
MODIS 
 
(Zarco-Tejada et al., 
2003) 
Chaparral (California, USA) 
(Dasgupta et al., 2007) Mixed forest  (Georgia USA) 
(Yebra et al., 2008) Grassland / shrubland 
(Cabaneros National Park, 
Spain) 
(Hao and Qu, 2007) Mixed forest  (Georgia USA) 
(Stow et al., 2006) Chaparral (California USA) 
(Hill et al., 2006) Wet sclerophyll forest (NSW 
Australia) 
(Xiao et al., 2005) Rice fields (southern China) 
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AVIRIS (Serrano et al., 2000) Chaparral (California USA) 
Landsat 
TM/ETM+ 
(Jackson et al., 2004) Corn/Soybean fields (Iowa 
USA) 
NDWI 
(6) 
860, 
1640 
AVIRIS (Chen et al., 2005) Corn/Soybean fields (Iowa 
USA) 
MODIS (Stow et al., 2006) Chaparral (California USA) 
(Xiao et al., 2005) Rice fields (southern China) 
(Yebra et al., 2008) Grassland / shrubland 
(Cabaneros National Park, 
Spain) 
NDWI 
(7) 
 
860, 
2130 
 
AVIRIS (Chen et al., 2005) Corn/Soybean fields (Iowa 
USA) 
(Huete and Didan, 2004) Conifer forests, woodland, 
savanna, grassland, desert 
shrubland (Arizona, USA) 
(Stow et al., 2006) Chaparral (California USA) 
Global 
Vegetation 
Moisture Index 
GVMI 860, 
1640 
SPOT/ 
VEGETATION 
(Ceccato et al., 2002) Mixed Species 
MODIS (Yebra et al., 2008) Grassland / shrubland 
(Cabaneros National Park, 
Spain) 
 
9.1.3 Past research for curing assessment 
 
Table 9.4 Methods used in Past Studies to estimate FMC, NDVI and GCI. 
Variable / 
Relationship 
Methods Ecosystem References Relationship 
Curve 
FMC Destructive Sampling Pastures/crops (VIC, 
Australia) 
(Dilley et al., 2004; Millie and 
Adams, 1999; Paltridge and 
Barber, 1988; Paltridge and 
Mitchell, 1990) 
 
Chaparral shrublands 
(California, USA) 
(Stow et al., 2006) 
Destructive sampling, 
AVHRR-derived 
NDVI and Surface 
Temperature 
Grasslands/shrublands 
(Spain) 
(Chuvieco et al., 2003)  
NDVI AVHRR Pastures/crops (VIC, 
Australia) 
(Dilley and Edwards, 1998; 
Dilley et al., 2004; Paltridge and 
Barber, 1988; Paltridge and 
Mitchell, 1990) 
 
Grasslands/shrublands 
(Spain) 
(Chuvieco et al., 2003)  
AVHRR and SPOT Tropical savannas (NT, 
Australia) 
(Allan et al., 2003)  
MODIS Cereal crops/grasslands 
(China) 
(Cheng, 2006)  
Grasslands/shrublands, 
savannas, and tropical 
forest biomes 
(USA/Brazil) 
(Huete et al., 2002)  
Chaparral (California, 
USA) 
(Zarco-Tejada et al., 2003)  
AVHRR and Landsat Pastures/crops (VIC, 
Australia) 
(Paltridge and Mitchell, 1990)  
GCI Visual observations Tropical savannas (NT, 
Australia) 
(Allan et al., 2003)   
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Pastures/crops (VIC, 
Australia) 
(Dilley et al., 2004; Millie and 
Adams, 1999) 
 
Visual observations 
and SDI 
Mixed grasslands, 
(Hamilton, New 
Zealand) 
(Baxter and Woodward, 1999)  
SDI Mixed grasslands 
(NSW, Australia) 
(Hosking, 1990)  
AVHRR-derived 
NDVI the NDVI-GCI 
correlation established 
by Paltridge and 
Barber (1988)  
Pastures/crops (VIC, 
Australia) 
(Dilley and Edwards, 1998)  
FMC-
Curing 
Destructive sampling 
(FMC) and visual 
observations (Curing) 
Mixed grasslands (VIC, 
Australia) 
(Barber, 1979) Negative 
exponential 
FMC-NDVI 
(Figure 2.9) 
Destructive sampling 
(FMC) and AVHRR 
(NDVI) 
Pastures/crops (VIC, 
Australia) 
(Paltridge and Barber, 1988) Positive linear 
FMC-GCI 
(Figure 2.3) 
Destructive sampling 
(FMC) and Visual 
observations (GCI) 
Pastures/crops (VIC, 
Australia) 
(Dilley et al., 2004; Millie and 
Adams, 1999) 
Negative 
exponential 
NDVI-
Curing 
Visual observations 
(Curing) and AVHRR 
and SPOT (NDVI) 
Tropical savannas (NT, 
Australia) 
(Allan et al., 2003) Negative 
exponential 
(red soil) 
Negative 
linear (black 
soil) 
 
 
9.2 FIELD SITE DATABASE 
9.2.1 Climate Data 
 
Table 9.5 Climate data of sites in Australia and New Zealand.  Sources: Distance (estimated) 
between each field site and weather station – Google Earth software.  Weather Station (name 
and number), years of collected data, temperature and rainfall data were obtained from selected 
weather stations, courtesy of the Bureau of Meteorology (2008) for Australian sites, and World 
WeatherDisc (1988) for rainfall, and NIWA (2008) for temperature in New Zealand.  Note: 
Temperature data for New Zealand sites were obtained from different weather stations, in 
which the information of these stations is shown in brackets. 
Region 
 
Site Weather Station Distance 
between 
Site and 
Station 
(~km) 
Years of 
Collected 
Data 
Mean 
Maximum 
Annual 
Temperature 
(°C) 
Mean 
Annual 
Rainfall 
(mm) 
Name Number 
N
ew
 Z
ea
la
n
d
 
 N
o
rt
h
 I
sl
a
n
d
 
Mt Biggs New Plymouth 
Aerodrome 
933080 
(2282) 
171 1951-1987 
(1944-1991) 
13.39 1253.45 
Stratford New Plymouth 
Aerodrome 
933080 
(2282) 
38 1951-1987 
(1944-1991) 
13.39 1253.45 
Wanganui New Plymouth 
Aerodrome 
933080 
(2282) 
108 1951-1987 
(1944-1991) 
13.39 1253.45 
East Taratahi Wellington 
(Wellington 
Aerodrome) 
934340 77 1863-1987 
(1962-2008) 
13.61 1027.14 
 S
o
u
th
 I
sl
a
n
d
 
Acheron Nelson (Nelson 
Aerodrome) 
935450 89 1951-1970 
(1943-2008) 
12.35 863.67 
Molesworth Nelson (Nelson 
Aerodrome) 
935450 87 1951-1970 
(1943-2008) 
12.35 863.67 
Burnham Christchurch 
(Christchurch 
Gardens) 
937800 
(4858) 
27 1864-1987 
(1863-2008) 
11.70 953.85 
Godley Head Christchurch 937800 19 1864-1987 11.70 953.85 
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(Christchurch 
Gardens) 
(4858) (1863-2008) 
Lake Lyndon Christchurch 
(Christchurch 
Gardens) 
937800 
(4858) 
77 1864-1987 
(1863-2008) 
11.70 953.85 
Garston Invercargill 
Aerodrome 
938440 
(5814) 
105 1951-1987 
(1948-2008) 
9.81 880.55 
A
u
st
ra
li
a
 
 
N
ew
 S
o
u
th
 W
a
le
s/
  
A
u
st
ra
li
a
n
 C
a
p
it
a
l 
T
er
ri
to
ry
 
  
Braidwood Braidwood 
Racecourse 
069132 2 1985-2008 19.0 651.9 
Braidwood 
(Wallace St) 
069010 
 
3 
 
1887-2008 19.0 719.0 
Brooklyn Braidwood 
(Wallace St) 
069010 
 
36 
 
1887-2008 19.6 719.0 
Majura Canberra Airport 070014 3 1935-2008 18.9 618.4 
Tidbinbilla Tidbinbilla 070310 2 1966-2008 17.1 929.5 
 V
ic
to
ri
a
 
Ballan Ballan (Fiskville) 087005 4 1927-1969 19.2 571.2 
Darnum Warragul 085093 6 1888-2008 18.7 1021.4 
Kilcunda Wonthaggi 086127 15 1911-2008 19.2 934.0 
Tooradin Tooradin 086116 4 1947-1974 19.2 854.8 
Caldermeade Cranbourne 086375 28 1990-2008 19.2 802.2 
Kaduna Cranbourne 086375 15 1990-2008 28.9 802.2 
 Q
u
ee
n
sl
a
n
d
 Ryans Farm Townsville 032040 45 1940-2008 29.1 1123.2 
Jerona Ayr DPI Research 033002 24 1951-2008 32.4 939.8 
Burdekin Shire 033001 23 1886-2008 35.6 1044.1 
Lakefield Musgrave 028007 77 1887-2008 32.3 1175.6 
Fairview 028010 65 1890-2006 32.3 1001.4 
  
W
es
te
rn
 A
u
st
ra
li
a
 
 
Parry Lagoons Wyndham 001013 16 1968-2008 29.9 794.2 
Wyndham Port 001005 20 1886-1995 32.3 708.1 
Silent Grove 
[Sandstone] 
Mt Elizabeth 001018 110 1973-2008 20.3 965.6 
Silent Grove 
[Blacksoil] 
Mt Elizabeth 001018 114 1973-2008 13.39 965.6 
Lorna Glen Earaheedy 013001 63 1946-2000 13.39 240.5 
Carnegie 013015 146 1942-2008 13.39 231.3 
Wiluna 013012 142 1898-2008 13.61 257.6 
Simcocks Manjimup 009573 22 1915-2008 12.35 1011.8 
Mt Hart 
[Sandstone] 
Mt Elizabeth 001018 124 1973-2008 12.35 965.6 
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9.2.2 Site Descriptions 
9.2.2.1 New Zealand sites 
Mt Biggs 
 
Plate 9.1 Improved pastures at Mt Biggs, New Zealand (north island) on a) February 8
th
 2008 
and b) February 22
nd
 2008 (Whitmore and Anderson, 2008). 
 
Stratford 
 
Plate 9.2 Improved pastures at Stratford, New Zealand (north island) (Source: Bushfire CRC). 
 
Wanganui 
 
Plate 9.3 Improved pastures at Wanganui, New Zealand (north island) (Source: Bushfire CRC). 
  
260 
 
East Taratahi 
 
Plate 9.4 Improved pastures at East Taratahi, New Zealand (southern tip of north island) on a) 
February 28
th
 2008 and b) March 10
th
 2008 (Whitmore and Anderson, 2008). 
 
Acheron 
 
Plate 9.5 Native grasses at Acheron, New Zealand (south island) on January 19
th
 2006 (Source: 
Bushfire CRC). 
 
Molesworth 
 
Plate 9.6 Improved pastures and Native grasses at Molesworth, New Zealand (south island) on 
January 20
th
 2006 (Source: Bushfire CRC). 
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Burnham 
 
Plate 9 7 Improved pastures at Burnham, New Zealand (south island) on a) January 15
th
 2008 
and b) March 17
th
 2008 (Whitmore and Anderson, 2008). 
 
Godley Head 
  
Plate 9. 8 Improved pastures and Native grasses at Godley Head, New Zealand (south island on 
eastern coast) on a) January 8
th
 2008 and b) March 25
th
 2008. 
 
Lake Lyndon 
 
Plate 9.9 Improved pastures and Native grasses at Lake Lyndon, New Zealand (south island) on 
a) December 16
th
 2005 and b) April 3
rd
 2006 (Source: Bushfire CRC). 
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Garston 
 
Plate 9.10 Improved pastures at Garston, New Zealand (southern end of south island) on a) 
December 16
th
 2005 and b) February 19
th
 2006 (Source: Bushfire CRC). 
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9.2.2.2 Australian sites 
Braidwood 
 
Braidwood, with a mean annual rainfall of 719 mm, consists of Kangaroo grass (50%); mixed with 
improved pastures (Plate 9.11) embedded in yellow mottled soils and decomposed granite.  Across the 
1.5 * 1.5 km site Figure 9.1 identifies that the NDVI ranges from 0.477 in the central north pixel to 
0.533 in the central east, with the central pixel placed within this range (by 0.002) at 0.479.  This 
marks a 0.013 difference from the window‟s mean NDVI; 0.492.  The site appears relatively 
homogenous in the west.  These three pixels consist of the least amount of spread from the mean, as 
they not only have the lowest standard deviation, but also the lowest CV values, which indicate the 
lowest spatial variability across the site.  Overall, the mean statistics indicate that the spatial variability 
across the 9-pixel window is quite low (CV = 0.036).  This suggests that the Braidwood site is 
homogenous, and that the point of sampling (at point x) represents the 1.5 * 1.5 km area. 
 
 
Plate 9.11 Mixture of native Kangaroo grass and improved pastures at Braidwood, southeastern 
NSW on January 5
th
 2006 (Source: Bushfire CRC). 
 
 
Figure 9.1 Braidwood NDVI image generated from Landsat bands 3 and 4. 
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Brooklyn 
 
Roughly 40 km southwest from Braidwood, Brooklyn has a slightly larger spatial variability (Figure 
9.2), and is located at the western edge of a valley.  Comprised of Kangaroo grass and clovers on a 
granite soil, the homogeneity of this site is disturbed by the north-south road running through the 
centre of the site, as well as tree cover to the west and change in land cover to the north east.  This 
variation suggests that the point of sampling does not represent the whole 1.5 * 1.5 km area (the 
dashed line).  Therefore by shifting this site south 500 m and eastwards 1000 m, the new 9-pixel 
window (solid line) avoids these mixed pixels, and the magnitude of spatial variation reduces from 
0.095 to 0.046.  On the other hand, the NDVI of the central pixel differed by 0.029 between the 
original and the relocated window.  Across the nine pixels, the NDVI ranged from 0.472 to 0.626 
verifying a 0.154 difference at the original location, and at the relocated window, NDVI varied from 
0.464 to 0.538, for which the difference is 0.074.  Additionally, the difference between the central 
pixel NDVI and the 9-pixel mean NDVI is 0.018 at the original window, and 0.002 at the relocated 
window.  At both locations (original and relocated), the NDVI of the central pixel is positioned within 
the NDVI range (from highest to lowest) across the 9-pixel window.     
    
 
Figure 9.2 Brooklyn NDVI image generated from Landsat bands 3 and 4. 
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Colinton 
 
About 40 km southwest of Brooklyn, Colinton resides in a valley of red loam soil mixed with 
Tussock, Love grass and Silver grass.  With a road running north to south through this site (Figure 
9.3), the spatial variation across the 1.5 km window is slightly larger than Braidwood and the relocated 
window of Brooklyn.    
 
 
Figure 9.3 Colinton NDVI image generated from Landsat bands 3 and 4 
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Durran Durra 
 
Comprised of Kangaroo grass on a clay soil, Durran Durra is roughly 12 km northeast of Braidwood.  
Even though the western edge of this site appears uniform, it comprises of forest, as shown in Figure 
9.4.  The 500 m shift to the east allowed at least the central pixel to reside over grassland.  Similar to 
Colinton, very few field samples were taken from this site, and curing values were of a small range.  
Therefore, this site was categorised at the lower end of the hierarchy (Table 3.7).  
 
 
Figure 9.4 Durran Durra NDVI image generated from Landsat bands 3 and 4 
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Majura 
 
Adjacent to the Canberra airport, Majura is abundant in a mixture of Tall Speargrass, Tall fescue, Wall 
Fescue and Common Wheat grass (Plate 9.12).  As shown in Figure 9.5, this site also presents a high 
spatial variability (CV = 0.176).  Therefore, this 9-pixel window was also shifted south and east 500 m 
and 1000 m respectively.  This adjusted the central pixel‟s NDVI from 0.355 to 0.323, and reduced the 
difference between the minimum and maximum NDVI across the nine pixels from 0.212 to 0.069.  In 
addition, the central pixel NDVI values for both the original and relocated windows lie within the 
range of highest to lowest NDVI values across the nine pixels.  However the difference between the 
central NDVI and the 9-pixel mean NDVI was reduced from 0.026 (at the original window) to 0.002 
(at the relocated window).  This shift also resulted in a lower CV of 0.070. 
 
 
Plate 9.12 Improved pastures at Majura, southeastern NSW on December 19
th
 2006 (Source: 
Bushfire CRC). 
 
 
Figure 9.5 Majura NDVI image generated from Landsat bands 3 and 4. 
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Tidbinbilla 
 
The final site in the NSW and ACT region, located south west of Canberra, is Tidbinbilla.  This site is 
comprised of Fringed Fescue, Tall fescue, Phalaris and Weeping grass, and as Plate 9.13 illustrate 
these grasses, which cover 60% of the site, change in colour dramatically in just over two weeks.  
Regardless of the variation across the fire season, the main objective at this point is to assess the 
variability across the site all year round.  Figure 9.6 confirms this site to have a larger spatial 
variability than Braidwood; however, this variation would not have reduced if this site was relocated.  
Despite its comparison with Braidwood, the variation across the whole site is relatively small (CV = 
0.078), with the NDVI (across the nine pixels) ranging from 0.370 to 0.466, in which the NDVI for the 
central pixel is 0.401, indicating a minimum to maximum difference of 0.096.The difference between 
the central NDVI and the mean NDVI across all nine pixels is 0.019.   
 
 
Plate 9.13 Improved pastures at Tidbinbilla, southeastern NSW on a) December 20
th
 2005 and b) 
January 6
th
 2006 (Source: Bushfire CRC). 
 
 
Figure 9.6 Tidbinbilla NDVI image generated from Landsat bands 3 and 4. 
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Ballan 
 
Travelling further south, the next six sites are located in Victoria.  Beginning with the driest site of the 
six (571 mm of annual rainfall), Ballan is located roughly 65 to 70 km northwest of Melbourne, and is 
mixed with rye grass and clovers (Plate 9.14) spread across a clay soil.  The sampling area at this site 
also marks a suitable location for satellite observations.  Figure 9.7 clearly shows that the whole 
region, even outside the 9-pixel window is relatively uniform and homogeneous.  Focussing on each 
500 m simulated pixel, the spatial variation reaches a maximum of 0.124 (in the south west), while the 
variation between the nine pixels is only 0.050.  Similar to Tidbinbilla, the NDVI of the central pixel 
(0.435) lies within the range of highest (0.458) to lowest (0.398) NDVI values across the 9-pixel 
window, yet the difference between the mean NDVI and the central pixel NDVI is slightly lower 
(0.011) than that of Tidbinbilla.   
 
 
Plate 9.14 Improved pastures at Ballan, Victoria on January 25
th
 2008 (Source: Mike Masters - 
CFA). 
 
 
Figure 9.7 Ballan NDVI image generated from Landsat bands 3 and 4. 
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Darnum 
 
The following five sites are located south east of Melbourne, and receive higher annual rainfall than 
Ballan.  Darnum is the wettest of the Victorian sites with an annual mean of 1021 mm.  As shown in 
Plate 9.15 this site contains the same grass species as Ballan (rye grass and clover) but resides on a 
volcanic soil, providing (with enough rainfall) a rich agricultural area.  Compared to Braidwood, 
Tidbinbilla and Ballan; Darnum appears to lie in a „patchy‟ area (Figure 9.8), causing concern for the 
representativeness of the site.  Owing to a highly grazed and irrigated region, these pastures are also 
surrounded by minimal tree cover.  Therefore, this site has been shifted south and east 500 and 1000 m 
respectively.  Even though this shift increased the difference between the mean NDVI and the central 
pixel NDVI (from 0.001 to 0.025), the mean NDVI between windows had only changed by 0.001.  
This shift had also reduced the spatial variability across the whole 9-pixel window from 0.112 to 
0.077.  Additionally, the central pixel NDVI lies within the minimum and maximum range at both the 
original (0.432 to 0.638) and relocated (0.490 to 0.614) windows, with values of 0.532 and 0.507 
respectively.   
 
 
Plate 9.15 Improved pastures at Darnum, southeastern Victoria on January 8
th
 2008 (Source: 
Glen Tarrant - CFA). 
 
 
Figure 9.8 Darnum NDVI image generated from Landsat bands 3 and 4. 
271 
 
 
Kilcunda 
 
Kilcunda, on the other hand lies on the Bass Strait coast of Victoria, shown in Figure 9.9 (note that the 
NDVI values over the sea are below zero).  Firstly, concentrating on the spatial variation of the 
original window, the south west corner of the grid lies just over the coast, creating a lower NDVI 
(0.246) in this corner than in the rest of the 500 m pixels.  The high variability of this pixel (CV = 
0.464) creates an inaccurate mean NDVI estimate of the whole site.  This site was shifted north and 
east 500 m to reduce the variation from a CV of 0.126 to 0.052.  By shifting this site 500 m away from 
the coast, this is enough distance to allow for any error of location by satellite.  At both windows, the 
NDVI of the central pixel lies within the minimum to maximum range and both coincidentally 
estimate to 0.325.  At the original window, the NDVI ranges from 0.246 to 0.384 (a 0.138 difference), 
and at the relocated window, the NDVI ranges from 0.281 to 0.326, which is smaller difference (of 
0.045).  The shift has also reduced the difference between the central NDVI and the mean NDVI from 
0.020 to 0.014.    
 
 
Figure 9.9 Kilcunda NDVI image generated from Landsat bands 3 and 4. 
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Tooradin 
 
Tooradin is also located in southeastern Victoria, just north of Western Port.  This site, residing on a 
loamy soil, also consists of rye grass and clover as well as water grass.  The Tooradin 1.5 * 1.5 km 
window was also shifted north 500 m (Figure 9.10), as the southern edge of the original site was 
located near housing and small bodies of water.  This caused a high spatial variability in the three 
southern 500 m pixels.  As the whole area of Tooradin appears to be relatively heterogeneous, the 
relocated window did not reduce the variation of the individual pixels to a high degree.  Therefore, a 
number of pixels have been masked out (diagonal dashed lines), to calculate the mean statistics from 
the five pixels (which have not been shaded by the dashed lines in Figure 9.10).  These five pixels 
were the least variable of the nine simulated pixels, therefore a mean NDVI calculated from the five 
pixels would avoid any spectral disturbance (of non-grassland surfaces).  The relocated window of this 
site resulted in a CV of 0.068 from five pixels, and would have resulted in a CV of only 0.066 from 
nine pixels.  In addition, the mean NDVI across all nine pixels was altered from 0.334 at the original 
window to 0.326 at the relocated window (though the mean is 0.331 for the five pixels).  Not only had 
this relocation changed very little of the mean NDVI, but the NDVI of the central pixel (which has the 
lowest CV out of the nine pixels) had only changed from 0.339 to 0.338.  At the both windows, the 
central pixel NDVI also lies within the NDVI range across the nine pixels, with a minimum to 
maximum of 0.272 to 0.387 at the original site (difference of 0.115), to a smaller range at the relocated 
window across the five pixels of 0.309 to 0.364 (a spread of 0.055), and across the nine pixels; 0.292 
to 0.364 (spread of 0.072). 
 
 
Figure 9.10 Tooradin NDVI image generated from Landsat bands 3 and 4. 
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Caldermeade 
 
Used for cattle grazing, the Caldermeade site is also dominated by rye grass, embedded in a loamy 
soil.  In contrast with Tidbinbilla, Plate 9.16 shows that the grasses as this site have taken roughly six 
weeks to cure over the 2007/2008 fire season.  This site has been recognised as one of the more 
uniform sites (Figure 9.11), and the low spatial variation (0.074) of this site suggests the site to be 
homogenous.  Not only is this site homogenous within the nine pixel window, but also appears 
homogeneous across the whole 3 * 3 km scene, which verifies that the possibility of any error of 
location will not affect the site‟s spectral response.  Despite the homogeneity however, the NDVI 
ranges from 0.251 to 0.311 across the 9-pixel window, and the difference between the central pixel 
NDVI and the mean NDVI is 0.030.  Unlike the previous eight sites, the NDVI of the central pixel 
does not lie in the mid-region of this minimum to maximum range.  Instead, the central NDVI equates 
to the minimum value of 0.251.  This suggests that at the point of sampling, the curing observation are 
taken where the NDVI is lowest, therefore, underestimating the NDVI of the whole site, although the 
NDVI only differs across the site by 0.06.    
 
 
Plate 9.16 Improved pastures, consisting of rye grass at Caldermeade, southeastern Victoria on 
a) November 30
th
 2007 and b) January 15
th
 2008 (Source: D.Martin). 
 
 
Figure 9.11 Caldermeade NDVI image generated from Landsat bands 3 and 4. 
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Kaduna 
 
Similar to Caldermeade, Kaduna consists of and is surrounded by improved pastures used for cattle 
grazing.  As illustrated in Plate 9.17, the rye grass at this site did not completely dry out, owing to high 
rainfall on the 20
th
 of December, 2007.  This site also has a low spatial variation (0.087) across the 1.5 
* 1.5 km window (Figure 9.12); however, the most variable pixel within the window is in the centre.  
This pixel, with its NDVI value as 0.271, lies within the minimum to maximum range of 0.219 to 
0.292, which has a difference of 0.073, and only differs from the mean NDVI of 0.006.   
 
 
Plate 9.17 Improved pastures (rye grass) at Kaduna (southeastern Victoria) on a) December 12
th
 
2007, and b) January 15
th
 2008, where the secondary growth was due to heavy rainfall three 
weeks prior (Source: D.Martin). 
 
 
Figure 9.12 Kaduna NDVI image generated from Landsat bands 3 and 4. 
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Ryans Farm 
 
The following three Queensland sites consist of tropical savannas, which all receive relatively high 
annual rainfall of 1123, 940 and 1176 mm in Ryans Farm, Jerona and Lakefield respectively.  The lush 
green native grasses at these sites tend to cure in winter, compared to sites of southeastern Australia, 
where grasses cure in summer (depending on drought conditions).  Ryans Farm (Plate 9.18) features a 
flourishing canopy of native grasses, with minimal exposure of its loamy soil.  This site is 
characterised by a relatively homogeneous landscape excepting some rocky outcrop in the south-
western corner of the 1.5 * 1.5 km area (Figure 9.13).  The window was shifted north-east to avoid the 
mixed pixel, for which the CV of 0.231, was much higher than in the other eight pixels of the window.  
This shift reduced the mean spatial variation from 0.081 to 0.035, and also reduced the NDVI 
minimum to maximum range (across the nine pixels) from 0.463 to 0.600 (difference of 0.137) to 
0.538 to 0.600 (difference of 0.062).  Similar to Caldermeade, the central NDVI at the relocated site 
does not lie in the middle of the minimum – maximum range.  The Caldermeade central pixel 
represented the lowest NDVI cross the 9-pixel window.  However, at Ryans Farm, the central pixel 
represents the maximum NDVI of 0.600.  Therefore, at the sampling point, field observations are 
made over grasslands, which are likely to be greener and less cured than in the surrounding 1.5 * 1.5 
km area.  This shift, however, has reduced the difference between the central pixel NDVI and the 
mean NDVI from 0.04 to 0.02. 
 
 
Plate 9.18 Native grasses at Ryans Farm, eastern Queensland on April 26
th
 2006 (Source: 
Bushfire CRC). 
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Figure 9.13 Ryans Farm NDVI image generated from Landsat bands 3 and 4. 
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Jerona 
 
Located ~47 km north-west of Ryans Farm, Jerona lays a mere 5 km off the Coral Sea coast.  
Surrounded by a network of rivers, this site is abundant in Salt Couch and Black Spear grass (Plate 
9.19), on a light clay soil.  As shown in Figure 9.14, this heterogeneous site comprises a mixture of 
surface types, including bare soil, bodies of water, and patches of grassland.  Similar to Tooradin, 
Jerona was shifted north 500 m from the original location, and the three 500 m pixels, which are the 
least variable (the lowest CV values), were selected to calculate the mean statistics.  While the CV of 
all nine pixels would have come to 0.086 (not shown), the three selected pixels contained roughly half 
the variation, with a CV of 0.040.  The NDVI of the central pixel at both the original (0.342) and 
relocated (0.357) windows lies within the minimum to maximum range.  This range differed from 
0.238 to 0.381 at the original site to 0.291 to 0.381 across the nine pixels of the relocated site, to 0.355 
to 0.381 across the three selected pixels.  The NDVI spread also varied from 0.143 at the original 
window, to 0.09 across the nine pixels of the relocated site, to 0.026 across the three pixels.  This shift 
also reduced the difference between the central pixel NDVI and the mean NDVI (of all nine pixels) 
from 0.029 to 0.015 (whereas, the mean NDVI for the three pixels is 0.364). 
 
 
Plate 9.19 Native grasses at Jerona, eastern Queensland on May 25
th
 2006 (Source: Bushfire 
CRC). 
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Figure 9.14 Jerona NDVI image generated from Landsat bands 3 and 4. 
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Lakefield 
 
The most northern site for this study is Lakefield, located in north-eastern Queensland.  Receiving the 
highest mean annual rainfall out of all Australian field sites, Lakefield resides in a national park, 
consisting of an abundance in Black Spear grass (60%) and Kangaroo grass (20%), mixed with 
Passpallum (10%), Love (5%), and Grader grass (5%).  5% of the landscape also includes tree cover.  
As illustrated in Figure 9.15, the eastern edge of the site is relatively heterogeneous, which advises the 
site to be shifted north and west 500 m.  This avoids the mixed vegetation surfaces in the two southern 
pixels on the eastern side of the 9-pixel window, therefore reducing the spatial variation of the whole 
window from 0.114 to 0.036.  Even though this shift had increased the central pixel NDVI to mean 
NDVI difference from 0.010 to 0.014, the minimum to maximum NDVI difference was reduced from 
1.660 to 0.051, in which the original site ranged from 0.412 to 0.578, and the relocated site ranged 
from 0.435 to 0.486.  By relocating this site, the central pixel NDVI value was altered from 0.474 to 
0.440, which lies in the middle of the minimum to maximum range for each window. 
 
 
Figure 9.15 Lakefield NDVI image generated from Landsat bands 3 and 4. 
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Parry Lagoons  
 
Grasslands in the (tropical) Kimberley region of Western Australia generally cure in winter.  The four 
sites in this region include Parry Lagoons, Silent Grove [Sandstone], Silent Grove [Blacksoil] and Mt 
Hart [Sandstone].  Beginning with Parry Lagoons, this site contains native grasses embedded in red 
sands.  Referring to Plate 9.20, these grass species include: Three-awned Spear grass (~70%), Native 
Annual Sorghum (~25%), Sand and Wanderrie grass (~5%).   
 
 
Plate 9.20 Native grasses at Parry Lagoons, Kimberley region of WA, on June 12
th
 2006 (Source: 
Bushfire CRC). 
 
With the patchy exposure of bare red sand and the scatter of small trees, this site is not 100% uniform, 
although the patchiness across the landscape is mostly consistent, and hence homogeneous, except for 
the change in soil colour to the north-west.  For a trial run, the 1.5 * 1.5 km window was shifted south-
east 500 m (Figure 9.16a) to avoid the differing soil colours; however, this slightly increased the CV 
of means from 0.061 to 0.073, owing to a change in vegetation on the eastern side of the relocated 
window.  Three 500 m pixels were then masked out to avoid the mixture of vegetation type, therefore 
reducing the spatial variation across the remaining six pixels to 0.039.  Even though the minimum-
maximum NDVI (ranging between 0.171 to 0.210 at the original site and 0.190 to 0.242 at the 
relocated site) increased its difference from 0.039 to 0.052, the central NDVI was altered from 0.210 
(the maximum NDVI value) to 0.206 (which lies within the minimum to maximum range), resulting in 
a 0.004 difference.  The mean NDVI (of all nine pixels) also changed only slightly from 0.197 to 
0.209 (a difference of 0.012).  This trial run was only liable when masking out the eastern edge of the 
site.  Therefore, the window was not relocated for extracting satellite data, as shown in Figure 9.16b. 
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a 
 
 
b 
 
Figure 9.16 Parry Lagoons NDVI image (generated from Landsat bands 3 and 4) a) relocated 
and modified grid and b) original grid. 
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Silent Grove [Sandstone] 
 
The following three sites are located over 350 km south-west of Parry Lagoons.  Firstly, Silent Grove 
[Sandstone] contributes Spinifex (50%), Black Spear grass (35%), Golden Beard grass (5%) and 
Native Annual Sorghum (10%) distributed on sandstone (Plate 9.21).  Referring to Figure 9.17, the 
spatial variation of each 500 m pixel is fairly low, excepting slightly higher variation in the south-
western corner of the window, and the CV (of means) over the 9-pixel window is 0.110.  The central 
NDVI (0.178) only differs from the mean NDVI (0.174) by 0.004, and the minimum to maximum 
range from 0.136 to 0.191, in which the central NDVI value lies, has a difference of 0.055.    
 
 
Plate 9.21 Native grasses at Silent Grove [Sandstone], Kimberley region of WA, on March 8
th
 
2006 (Source: Bushfire CRC). 
 
 
Figure 9.17 Silent Grove [Sandstone] NDVI image generated from Landsat bands 3 and 4. 
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Silent Grove [Blacksoil] 
 
As for Silent Grove [Blacksoil], 60% of this site is covered in Hummock grassland (Plate 9.22), as 
well as Black Spear grass (10%), Native Annual Sorghum (10%), and the remaining 20% includes 
Buffel grass, Mintbush and Golden Beard grass.  The creek running through the western side of this 
site will create much spectral disturbance, and hence create an inaccurate NDVI of the grasslands in 
the site (Figure 9.18).  The window was shifted away from this creek northeast 500 m.  This eased 
down the spatial variation from 0.142 to 0.058, and provided a large enough buffer zone for any error 
in location of the satellite over-pass.  In greater depth, this shift has minimised the difference between 
the central pixel NDVI and mean NDVI from 0.018 to 0.013.  The central pixel NDVI was altered 
from 0.187 to 0.197 (a difference of 0.010), and the mean NDVI was altered from 0.205 to 0.184 (a 
difference of 0.021).  With a minimum to maximum range between 0.168 and 0.257 at the original 
site, and a range from 0.166 to 0.197 at the relocated site, the difference between the minimum and 
maximum values reduced from 0.089 to 0.031.  The central pixel NDVI is valued within this range at 
the original site, however, at the relocated window, the central pixel NDVI (0.0197) is the maximum 
NDVI across the 9-pixel window (similar to Ryans Farm).   
 
 
Plate 9.22 Native grasses at Silent Grove [Blacksoil], Kimberley region of WA, on April 6
th
 2006 
(Source: Bushfire CRC). 
 
 
Figure 9.18 Silent Grove [Blacksoil] NDVI image generated from Landsat bands 3 and 4. 
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Lorna Glen 
 
Lorna Glen (Plate 9.23) is characterised by its red sandy soil and sparse vegetation, which will result 
in a completely different spectral response to a site of lush/dense vegetation such as Ryans Farm.  
With respect to the patchiness at this site, suggesting it to be less uniform than other sites, the variation 
is relatively large at a 1 m scale.  However, at a 25 m scale (Landsat) or a 500 m scale (MODIS), the 
variation is relatively small.  Of the sparse vegetation this site has, the area is dominated by Spinifex 
(~70%), with the remaining species including Curry flower, Wanderrie and Love grass.  According to 
Figure 9.19, the variability within each 500 m pixel is relatively low, with the highest CV of 0.110 in 
the north-west corner.  Owing to the homogeneity of this site (at a 25 m scale), there was no need for 
the 9-pixel window to be relocated.  Thus far, this site has the lowest spatial variation, referring to the 
CV of means of 0.019.  In further depth, NDVI has a small spread across the nine pixels; from 0.157 
to 0.167.  The central pixel NDVI (0.162) not only lies within this range, but the mean NDVI of 0.163 
is equivalent to the median of the nine values.  Therefore, the field observations could be made at any 
point in the 1.5 * 1.5 km area, and the results would expect to be similar. 
 
 
Plate 9.23 A mixture of native grass including Spinifex (Triodia melvillei) sparsely distributed 
across red sand at Lorna Glen (Central WA) on June 12
th
 2006 (Source: Jennifer Hollis – 
Department of Environment and Conservation). 
 
 
Figure 9.19 Lorna Glen NDVI image generated from Landsat bands 3 and 4. 
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Mt Hart [Sandstone] 
 
Mt Hart [Sandstone] is characterised by blacksoil and sandstone, covered with native grasses and a 
scatter of short trees (Plate 9.24).  The dominant species here are Buffel grass (80%), mixed with 
Black spear grass (10%) and Mint bush (10%).  As shown in Figure 9.20, Mt Hart [Sandstone] lies on 
a relatively homogeneous landscape with only patchiness featured to the north of the site.  By 
relocating the site south 500 m, the spatial variation of the 9-pixel window declined from 0.124 to 
0.111.  By masking out the two pixels, the CV dropped to 0.108, and then masking out a further pixel 
(in the north-west corner), the CV of the remaining seven pixels dropped to 0.084.  This shift had 
changed the NDVI of the central pixel from 0.229 to 0.220, which lies within the minimum – 
maximum range (same at both windows) of 0.171 to 0.238 (a difference of 0.067).  This shift has also 
reduced the difference between the central NDVI and mean NDVI of all nine pixels (but only by 
0.010).   
 
 
Plate 9.24 Native grasses at Mt Hart [Sandstone], Kimberley region of WA, on April 13
th
 2006 
(Source: Bushfire CRC). 
 
 
Figure 9.20 Mt Hart [Sandstone] NDVI image generated from Landsat bands 3 and 4. 
286 
 
 
Simcocks  
 
Last, but not least, Simcocks (Plate 9.25) is located in the southwest corner of Western Australia.  In 
an area that receives 1012 mm of rainfall a year, this patch of improved pastures is surrounded by 
forest (Plate 9.26).  Due to the relatively small area of this grassland, the surrounding forest is likely to 
alter the spectral response of the site, preventing the sampling point from representing the whole 1.5 * 
1.5 km area (Figure 9.21).  Across the nine pixels, the central pixel NDVI (0.232) differs by 0.073 
from the mean NDVI (0.305).  With the NDVI ranging from 0.232 to 0.418 (a 0.186 difference), the 
central pixel contains the lowest NDVI in this range (similar to Caldermeade).  Further concern is 
raised over this site, owing to the location error from satellite of the central pixel.  This heterogeneous 
site has a CV (of means) of 0.209 over all nine pixels, yet the central pixel, has a variation of only 
0.161.  Once masking out the seven pixels with the highest CV values, the two remaining NDVI 
values differed by 0.003, and hence the CV between these two pixels is 0.008.  The central-east pixel 
also has a low CV; however, the chance of any shift in location from the satellite over-pass could shift 
this pixel into the forested region.   
 
 
Plate 9.25 Improved pastures at Simcocks, south-western WA, on April 19
th
 2006 (Source: 
Bushfire CRC). 
 
 
Plate 9.26 Simcocks aerial photograph on November 18
th
 2006 (Source: Bushfire CRC). 
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Figure 9.21 NDVI image of Simcocks generated from Landsat bands 3 and 4. 
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Figure 9.22 A number of sites eliminated from this thesis either due to suburban or forest 
surroundings of lack of vegetation cover. 
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9.3 IN SITU STATISTICAL SUMMARY 
 
All statistical analysis was completed using Statistica 8.0 (2008).  Pearson r correlations are significant 
at p < 0.05.  Statistically significant correlations that are p < 0.0001 are highlighted in bold.   
 
9.3.1 Curing and FMC 
 
Table 9.6 Summary of statistics between FMC and curing, taken from July 2005 to February 
2008.  Sites such as Kilcunda are not included below as Levy rod Curing was the only method 
used to measure curing. 
Site 
Variables Correlation 
Significance 
Probability 
Number of 
samples 
x y Pearson r r2 p n 
Ballan 
Visual Curing 
Levy rod Curing 
0.8573 0.7349 0.000744 11 
Destructive Curing     
FMC 
Visual Curing -0.9553 0.9126 0.191032 3 
Levy rod Curing -0.9081 0.8247 0.091869 4 
Destructive Curing     
Braidwood 
Visual Curing 
Levy rod Curing 
0.8618 0.7427 < 0.0001 28 
Destructive Curing 0.9477 0.8980 0.000103 9 
FMC 
Visual Curing -0.7235 0.5235 0.000065 24 
Levy rod Curing -0.7808 0.6097 < 0.0001 24 
Destructive Curing -0.9504 0.9032 0.000085 9 
Majura 
Visual Curing 
Levy rod Curing 
0.8513 0.7247 < 0.0001 34 
Destructive Curing 0.4235 0.1793 0.295835 8 
FMC 
Visual Curing -0.7053 0.4974 0.000019 29 
Levy rod Curing -0.8618 0.7427 < 0.0001 29 
Destructive Curing -0.8654 0.7489 0.011858 7 
Burnham 
Visual Curing 
Levy rod Curing 
0.8439 0.7121 < 0.0001 16 
Destructive Curing 0.8447 0.7134 0.155349 4 
FMC 
Visual Curing -0.7161 0.5128 0.001809 16 
Levy rod Curing -0.7026 0.4937 0.002402 16 
Destructive Curing -0.9908 0.9816 0.009249 4 
Darfield 
Visual Curing Levy rod Curing 0.7936 0.6298 0.018718 8 
FMC 
Visual Curing 0.5685 0.3232 0.431510 4 
Levy rod Curing -0.7483 0.5599 0.087088 6 
Lake Lyndon 
Visual Curing 
Levy rod Curing 
0.6436 0.4143 0.000053 33 
Destructive Curing 0.8940 0.7992 0.006632 7 
FMC 
Visual Curing -0.3560 0.1268 0.068335 27 
Levy rod Curing -0.3729 0.1390 0.055418 27 
Destructive Curing -0.8536 0.7287 0.030566 6 
Tidbinbilla 
Visual Curing 
Levy rod Curing 
0.9209 0.8481 < 0.0001 30 
Destructive Curing 0.8712 0.7590 0.054384 5 
FMC 
Visual Curing -0.8017 0.6428 < 0.0001 28 
Levy rod Curing -0.8887 0.7898 < 0.0001 29 
Destructive Curing -0.6804 0.4629 0.206185 5 
Parry 
Lagoons 
Visual Curing 
Levy rod Curing 
0.7457 0.5560 0.003431 13 
Destructive Curing 0.4681 0.2191 0.091389 14 
FMC 
Visual Curing -0.8208 0.6738 0.000584 13 
Levy rod Curing -0.8702 0.7572 0.000052 14 
Destructive Curing -0.6193 0.3835 0.018194 14 
Godley Head 
Visual Curing 
Levy rod Curing 
0.8146 0.6635 < 0.0001 26 
Destructive Curing 0.5896 0.3476 0.163541 7 
FMC 
Visual Curing -0.6814 0.4642 0.000481 22 
Levy rod Curing -0.8484 0.7199 < 0.0001 24 
Destructive Curing 0.0414 0.0017 0.938000 6 
Caldermeade Visual Curing Levy rod Curing 0.7708 0.5942 0.00125 14 
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Destructive Curing 0.6975 0.4864 0.036742 9 
FMC 
Visual Curing -0.9308 0.8663 < 0.0001 11 
Levy rod Curing -0.8064 0.6503 0.002714 11 
Destructive Curing -0.8395 0.7047 0.009138 8 
Kaduna 
Visual Curing 
Levy rod Curing 
0.3162 0.1000 0.407068 9 
Destructive Curing 0.6200 0.3844 0.189147 6 
FMC 
Visual Curing -0.7078 0.5010 0.075161 7 
Levy rod Curing -0.9223 0.8507 0.008811 6 
Destructive Curing -0.3688 0.1360 0.471926 6 
Silent Grove 
[Sandstone] 
Visual Curing 
Levy rod Curing 
0.7620 0.5807 0.003968 12 
Destructive Curing 0.5265 0.2772 0.145331 9 
FMC 
Visual Curing -0.6985 0.4878 0.036358 9 
Levy rod Curing -0.6930 0.4803 0.038468 9 
Destructive Curing -0.6358 0.4043 0.090167 8 
Mt Hart 
[Sandstone] 
Visual Curing 
Levy rod Curing 
0.9528 0.9078 < 0.0001 10 
Destructive Curing 0.7916 0.6266 0.01925 8 
FMC 
Visual Curing -0.9114 0.8306 0.001626 8 
Levy rod Curing -0.9008 0.8114 0.002263 8 
Destructive Curing -0.8285 0.6864 0.021283 7 
Lorna Glen 
Visual Curing 
Levy rod Curing 
0.4323 0.1869 0.184225 11 
Destructive Curing 0.4706 0.2214 0.122595 12 
FMC 
Visual Curing -0.2151 0.0463 0.525379 11 
Levy rod Curing -0.6373 0.4062 0.034926 11 
Destructive Curing 0.0751 0.0056 0.826308 11 
Silent Grove 
[Blacksoil] 
Visual Curing 
Levy rod Curing 
0.9040 0.8172 0.005203 7 
Destructive Curing 0.9534 0.9090 0.046598 4 
FMC 
Visual Curing -0.6975 0.4865 0.302491 4 
Levy rod Curing -0.9418 0.8869 0.058226 4 
Destructive Curing -0.9677 0.9364 0.162257 3 
Simcocks 
Visual Curing 
Levy rod Curing 
0.8735 0.7631 0.000442 11 
Destructive Curing 0.8267 0.6834 0.38042 3 
FMC 
Visual Curing -0.7375 0.5439 0.094331 6 
Levy rod Curing -0.8971 0.8048 0.015338 6 
Destructive Curing -0.8616 0.7424 0.338908 3 
Ryans Farm Visual Curing Levy rod Curing 0.8764 0.7682 0.000400 11 
East Taratahi Visual Curing Levy rod Curing 0.9084 0.8252 < 0.0001 19 
Mt Biggs Visual Curing Levy rod Curing 0.8379 0.7021 0.000014 18 
Acheron Visual Curing Levy rod Curing 0.8796 0.7737 0.020872 6 
Wanganui Visual Curing Levy rod Curing 0.7658 0.5865 0.000211 18 
Molesworth Visual Curing Levy rod Curing 0.8869 0.7866 0.044882 5 
Jerona Visual Curing Levy rod Curing 0.9406 0.8847 0.001600 7 
Garston Visual Curing Levy rod Curing 0.8528 0.7273 0.003476 9 
Brooklyn Visual Curing Levy rod Curing 0.5776 0.3336 0.174470 7 
Lakefield Visual Curing Levy rod Curing 0.9545 0.9111 0.045474 4 
Darnum Visual Curing Levy rod Curing 0.9661 0.9333 < 0.0001 20 
Tooradin Visual Curing Levy rod Curing 0.9127 0.8330 0.001556 8 
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9.3.2 Reflectance Spectra 
 
9.3.2.1 Laboratory Spectroscopy 
 
 
Figure 9.23 Reflectance Spectra at Plot 4a (of laboratory-grown grass). 
 
 
 
Figure 9.24 Reflectance Spectra of each grass plot 
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9.3.2.2 Field Spectroscopy 
 
 
Figure 9.25 Reflectance spectra at Caldermeade 30
th
 November 2007 at last sampling point of 
transect. 
 
 
Figure 9.26 Reflectance Spectra of each sampling point along transect at Caldermeade 30
th
 
November 2007 
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Figure 9.27 Reflectance spectra without atmospheric noise, at Caldermeade 30
th
 November 2007 
at last sampling point of transect. 
 
 
Figure 9.28 Reflectance Spectra without atmospheric noise, of each sampling point along 
transect at Caldermeade 30
th
 November 2007 
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Figure 9.29 Reflectance spectra (without atmospheric noise) at Caldermeade from 30
th
 
November 2007 to 19
th
 February 2008. 
 
 
Figure 9.30 Reflectance spectra at Caldermeade with curing values from 30
th
 November 2007 
(51.71%) to 19
th
 February 2008 (74.18%). 
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9.4 SATELLITE STATISTICAL SUMMARY 
 
9.4.1 MOD09 bands 
 
9.4.1.1 Time-series 
 
 
Figure 9.31 MOD09 band time-series for each Australian field site from January 2005 to 
October 2008. 
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Figure 9.32 MOD09 band 1 time-series in southern Australia 
 
 
Figure 9.33 MOD09 band 2 time-series in southern Australia 
 
 
Figure 9.34 MOD09 band 1 time-series in northern Australia 
 
 
Figure 9.35 MOD09 band 2 time-series in northern Australia 
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9.4.1.2 Correlation matrices 
Improved pastures 
 
 
Figure 9.36 Ballan (Victoria) correlation matrix of MOD09 bands 
 
 
Figure 9.37 Caldermeade (Victoria) correlation matrix of MOD09 bands 
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Figure 9.38 Darnum (Victoria) correlation matrix of MOD09 bands 
 
 
Figure 9.39 Kaduna (Victoria) correlation matrix of MOD09 bands 
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Figure 9.40 Kilcunda (Victoria) correlation matrix of MOD09 bands 
 
 
Figure 9.41 Tooradin (Victoria) correlation matrix of MOD09 bands 
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Figure 9.42 Simcocks (southern WA) correlation matrix of MOD09 bands 
 
 
Native grasslands 
 
 
Figure 9.43 Mt Hart (Sandstone) (Kimberley) correlation matrix of MOD09 bands 
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Figure 9.44 Parry Lagoons (Kimberley) correlation matrix of MOD09 bands 
 
 
Figure 9.45 Silent Grove (Blacksoil) (Kimberley) correlation matrix of MOD09 bands 
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Figure 9.46 Silent Grove (Sandstone) (Kimberley) correlation matrix of MOD09 bands 
 
 
Figure 9.47 Jerona (Queensland) correlation matrix of MOD09 bands 
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Figure 9.48 Lakefield (Queensland) correlation matrix of MOD09 bands 
 
 
Figure 9.49 Ryans Farm (Queensland) correlation matrix of MOD09 bands 
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Mixed grasslands 
 
 
Figure 9.50 Brooklyn (NSW) correlation matrix of MOD09 bands 
 
 
Figure 9.51 Colinton (NSW) correlation matrix of MOD09 bands 
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Figure 9.52 Durran Durra (NSW) correlation matrix of MOD09 bands 
 
 
Figure 9.53 Majura (ACT) correlation matrix of MOD09 bands 
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Figure 9.54 Tidbinbilla (ACT) correlation matrix of MOD09 bands 
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9.4.1.3 Factor analysis 
 
 
Figure 9.55 Factor loadings of MOD09 bands (unrotated principal components) at four sites of 
improved pastures. 
 
 
Figure 9.56 Factor loadings of MOD09 bands (unrotated principal components) at four sites of 
mixed grasses. 
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Figure 9.57 Factor loadings of MOD09 bands (unrotated principal components) at four sites of 
native grasses. 
 
The factor analysis was carried out by seasonal comparison for all field sites, in which Jerona was 
given as an example in section 4.3.2.3.  Two other sites (Ryans Farm and Braidwood) are two other 
examples as follows.  
 
 
Figure 9.58 Ryans Farm NDVI time-series with curing seasons outlined. 
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Figure 9.59 Factor Loadings of MOD09 bands at Ryans Farm for curing seasons of a) 2005, b) 
2006, c) 2007 and d) 2008. 
 
 
Figure 9.60 Braidwood NDVI time-series with curing seasons outlined. 
 
 
Figure 9.61 Factor Loadings of MOD09 bands at Braidwood for curing seasons of a) 2005-2006, 
b) 2006-2007, c) 2007-2008 and d) whole time-series from 2005 to 2008. 
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9.4.2 Vegetation Indices 
 
9.4.2.1 Tuning SAVI 
 
Table 9.7 Minimum and maximum rmse (%) values for correlations against Levy rod curing 
and variants of SAVI, where 0.0 ≤ L ≤ 2.0.  Note, when L = 0, SAVI = NDVI   
Site 
Minimum rmse Maximum rmse rmse range 
L rmse L rmse 
Ballan 0.2 8.1 2.0 8.6 0.5 
Braidwood 0.1 7.5 2.0 8.6 1.1 
Brooklyn 0.0 6.5 2.0 8.4 1.9 
Caldermeade 0.0 3.5 2.0 4.4 0.9 
Colinton 0.3 4.1 2.0 5.0 0.9 
Darnum 0.5 10.9 0.0 13.4 2.5 
Durran Durra 0.0 4.0 0.5 4.8 0.8 
Jerona 0.1 3.6 2.0 4.0 0.4 
Kaduna 0.0 4.8 2.0 5.4 0.6 
Kilcunda 0.0 3.1 2.0 4.1 1 
Lakefield 0.6 2.8 0.0 6.7 3.9 
Lorna Glen 0.6 5.2 0.0 5.4 0.2 
Majura 0.0 6.6 2.0 9.1 2.5 
Mt Hart (Sandstone) 0.0 3.8 2.0 5.1 1.3 
Parry Lagoons 0.0 6.1 2.0 7.1 1 
Ryans Farm 0.0 2.7 2.0 6.6 3.9 
Silent Grove (Blacksoil) 0.0 3.8 2.0 9.4 5.6 
Silent Grove (Sandstone) 0.0 4.2 2.0 6.5 2.3 
Simcocks 0.0 2.6 2.0 3.9 1.3 
Tidbinbilla 0.2 7.3 2.0 8.6 1.3 
Tooradin 0.0 7.8 0.3 11.0 3.2 
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9.4.2.2 Summary of new indices  
 
Table 9.8 „New‟ vegetation indices (not presented in thesis) including their correlation 
coefficients with Levy rod curing for all Australian sites.  All are significant (p<0.0001) unless 
stated otherwise. 
The following (created) indices did not respond to a seasonal variation of grasslands and were excluded 
from the results 
Index Motive Pearson r 
VI(31)  
 13
13
RR
RR


 
Bands 1 and 3 deliver the same spectral 
information as each other (§ 4.3.2.1 and  
4.3.2.2) 
-0.1184 
(p=0.0878) 
VI(16)  
 61
61
RR
RR


 
Band 1 and 6 behave the same as each other, 
according to results from the factor analysis (§ 
4.3.2.3).  
0.5886 
VI(61)  
 16
16
RR
RR


 
-0.5886 
VI(57)  
 75
75
RR
RR


 
Bands 5 and 7 both separate from the other 
bands in the factor analysis (§ 4.3.2.3), therefore 
an additional band would improve this index. 
-0.5929 
VI(67)  
 76
76
RR
RR


 
Both bands 6 and 7 are too alike to be in an 
index by themselves (§ 4.3.2.2) 
-0.4535 
The following (created) indices were satisfactory but not an improvement of NDVI 
Index Motive Pearson r 
VI(56)  
 65
65
RR
RR


 
These indices did respond to seasonal variation 
of grasslands.  Their amplitude of variation 
between seasons was smaller than that of NDVI.  
These indices also had a slightly weaker 
correlation with curing than NDVI. 
-0.7111 
mNDWI(57)  
 752
752
,
,
RRR
RRR




 
-0.6695 
mGNDVI(457)  
 7542
7542
,,
,,
RRRR
RRRR




 
-0.6912 
 
312 
 
 
9.4.2.3 Vegetation index time-series  
 
 
Figure 9.62 Vegetation index time-series for each Australian field site from January 2005 to 
October 2008. 
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9.4.2.4 Cluster analysis  
 
 
Figure 9.63 Hierarchical tree plot of nine vegetation indices from twenty-one field sites in 
Australia, generated from a pairwise (joining tree) cluster analysis. 
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Table 9.9 ANOVA results of field sites from different grass type clusters (using NDVI data).  All 
correlations are significant (p<0.0001). 
Improved pastures Mixed grasses Native grasses Native hummock F statistic 
Ballan Braidwood Jerona  82.82 
Caldermeade Brooklyn Lakefield  36.79 
Darnum Durran Durra Ryans Farm  175.28 
Kaduna Colinton Mt Hart (Sandstone)  192.35 
Kilcunda Majura Parry Lagoons  241.43 
Tooradin Tidbinbilla Silent Grove (Blacksoil)  118.20 
Simcocks  Silent Grove (Sandstone) Lorna Glen 230.19 
Caldermeade Braidwood Jerona  148.09 
Darnum Brooklyn Lakefield  147.84 
Kaduna Durran Durra Ryans Farm  68.06 
Kilcunda Colinton Mt Hart (Sandstone)  137.57 
Tooradin Majura Parry Lagoons  227.25 
Simcocks Tidbinbilla Silent Grove (Blacksoil)  66.92 
Ballan  Silent Grove (Sandstone) Lorna Glen 246.74 
Caldermeade Brooklyn Jerona  157.47 
Darnum Durran Durra Lakefield  184.67 
Kaduna Colinton Ryans Farm  143.42 
Kilcunda Majura Mt Hart (Sandstone)  170.98 
Tooradin Tidbinbilla Parry Lagoons  114.70 
Caldermeade Braidwood Lakefield  39.86 
Darnum Brooklyn Ryans Farm  147.15 
Kaduna Durran Durra Mt Hart (Sandstone)  137.92 
Kilcunda Colinton Parry Lagoons  207.59 
Tooradin Majura Silent Grove (Blacksoil)  213.91 
Simcocks Tidbinbilla Silent Grove (Sandstone)  72.91 
Ballan  Jerona Lorna Glen 252.55 
Simcocks Braidwood Silent Grove (Blacksoil)  82.57 
Caldermeade Brooklyn Ryans Farm  43.20 
Kaduna Durran Durra Lakefield  62.90 
Tooradin Colinton Parry Lagoons  190.12 
Darnum Majura Jerona  662.55 
Ballan Tidbinbilla Silent Grove (Sandstone)  66.65 
Kilcunda  Mt Hart (Sandstone) Lorna Glen 404.80 
All sites except Lorna Glen 108.66 
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9.5 IN SITU AND SATELLITE COMPARISONS 
 
9.5.1 ASD and MODIS bands 
 
Table 9.10 MOD09 bands generated from MODIS and ASD.  To obtain the seven simulated 
MOD09 bands from the ASD, each ASD reflectance spectrum was multiplied by the relative 
spectral response curve of each MOD09 band (Jupp, 2003) and summed to give seven simulated 
MODIS reflectance values. 
Site 
Variables 
 Significance 
Probability 
Number of 
samples 
MOD09 
band 
x y Pearson r r2 p n 
Caldermeade 
band 1 
MODIS ASD 
0.8019 0.6430 0.001706 
12 
band 2 0.4171 0.1740 0.177363 
band 3 0.8777 0.7704 0.000175 
band 4 0.6714 0.4507 0.016824 
band 5 0.3571 0.1275 0.254529 
band 6 0.8773 0.7697 0.000177 
band 7 0.6612 0.4373 0.019203 
Kaduna 
band 1 
MODIS ASD 
-0.3372 0.1137 0.374835 
9 
band 2 0.0097 0.0001 0.980178 
band 3 0.0304 0.0009 0.938123 
band 4 -0.3691 0.1362 0.328327 
band 5 -0.0442 0.0019 0.910188 
band 6 0.3343 0.1117 0.379287 
band 7 0.3420 0.1169 0.367710 
 
 
9.5.2 MODIS bands and Curing 
 
Table 9.11 MOD09 bands with Levy rod Curing for each field site 
Site 
Variables Correlation coefficient 
Significance 
Probability 
Number of 
samples 
x y Pearson   r r2 p n 
Ballan 
band 1 
Levy rod Curing 
0.8040 0.6465 0.000528 
14 
band 2 -0.8720 0.7604 < 0.0001 
band 3 0.6870 0.4719 0.006645 
band 4 0.2265 0.0513 0.436159 
band 5 -0.6049 0.3659 0.021910 
band 6 0.4395 0.1932 0.115828 
band 7 0.7388 0.5458 0.002543 
Braidwood 
band 1 
Levy rod Curing 
0.7716 0.5953 < 0.0001 
21 
band 2 -0.7322 0.5361 0.000161 
band 3 0.7207 0.5193 0.000229 
band 4 0.5759 0.3316 0.006298 
band 5 -0.2876 0.0827 0.206222 
band 6 0.7172 0.5144 0.000253 
band 7 0.7600 0.5777 < 0.0001 
Brooklyn 
band 1 
Levy rod Curing 
0.7734 0.5982 0.041358 
7 
band 2 -0.0039 0.0000 0.993373 
band 3 0.7067 0.4994 0.075824 
band 4 0.6033 0.3640 0.151535 
band 5 0.5630 0.3170 0.188150 
band 6 0.6534 0.4269 0.111485 
band 7 0.6914 0.4780 0.085349 
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Site x y Pearson   r r2 p n 
Caldermeade 
band 1 
Levy rod Curing 
0.8766 0.7685 < 0.0001 
14 
band 2 -0.7742 0.5993 0.000730 
band 3 0.7676 0.5893 0.001154 
band 4 0.7516 0.5649 0.001349 
band 5 0.0636 0.0040 0.829082 
band 6 0.8297 0.6884 0.000242 
band 7 0.8598 0.7392 < 0.0001 
Colinton 
band 1 
Levy rod Curing 
0.7435 0.5528 0.090239 
6 
band 2 0.0007 0.0000 0.999025 
band 3 0.6838 0.4675 0.134190 
band 4 0.6607 0.4365 0.153185 
band 5 -0.1685 0.0284 0.749674 
band 6 0.5590 0.3124 0.248884 
band 7 0.5169 0.2672 0.293735 
Darnum 
band 1 
Levy rod Curing 
0.5816 0.3382 0.047308 
12 
band 2 -0.6005 0.3606 0.038954 
band 3 0.6269 0.3930 0.029145 
band 4 0.3130 0.0980 0.321847 
band 5 0.1371 0.0188 0.670988 
band 6 0.7790 0.6069 0.002825 
band 7 0.8237 0.6785 0.000990 
Durran Durra 
band 1 
Levy rod Curing 
0.5278 0.2786 0.178758 
8 
band 2 0.3481 0.1212 0.398157 
band 3 0.4935 0.2436 0.213906 
band 4 0.5008 0.2508 0.206240 
band 5 0.3094 0.0957 0.455796 
band 6 0.6036 0.3643 0.113100 
band 7 0.6325 0.4000 0.092422 
Jerona 
band 1 
Levy rod Curing 
0.1636 0.0268 0.756813 
6 
band 2 -0.9209 0.8481 0.009136 
band 3 0.3765 0.1418 0.461886 
band 4 -0.5373 0.2886 0.271650 
band 5 -0.8022 0.6436 0.054808 
band 6 -0.2581 0.0666 0.621438 
band 7 0.2338 0.0547 0.655649 
Kaduna 
band 1 
Levy rod Curing 
0.7031 0.4943 0.078033 
7 
band 2 -0.3110 0.0967 0.497248 
band 3 0.7137 0.5093 0.071711 
band 4 0.6511 0.4239 0.113195 
band 5 0.1442 0.0208 0.757740 
band 6 0.7606 0.5785 0.047131 
band 7 0.7811 0.6101 0.038127 
Kilcunda 
band 1 
Levy rod Curing 
0.1690 0.0286 0.640734 
10 
band 2 -0.5926 0.3511 0.071041 
band 3 0.1912 0.0366 0.596666 
band 4 -0.0785 0.0062 0.829241 
band 5 -0.2823 0.0797 0.429390 
band 6 0.3054 0.0933 0.390834 
band 7 0.4404 0.1939 0.202759 
Lakefield 
band 1 
Levy rod Curing 
0.6948 0.4827 0.305239 
4 
band 2 -0.8484 0.7198 0.151609 
band 3 0.8669 0.7516 0.133070 
band 4 0.5276 0.2784 0.472388 
band 5 -0.4981 0.2481 0.501920 
band 6 0.8433 0.7112 0.156666 
band 7 0.8219 0.6755 0.178130 
Lorna Glen 
band 1 
Levy rod Curing 
0.3004 0.0902 0.342783 
12 
band 2 -0.1735 0.0301 0.589757 
band 3 0.5561 0.3092 0.060444 
band 4 0.5321 0.2832 0.074919 
band 5 0.1179 0.0139 0.715216 
band 6 0.0853 0.0073 0.792096 
band 7 0.0452 0.0020 0.889056 
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Site x y Pearson   r r2 p n 
Majura 
band 1 
Levy rod Curing 
0.7073 0.5003 0.004662 
14 
band 2 0.1378 0.0190 0.638517 
band 3 0.6881 0.4735 0.006517 
band 4 0.6360 0.4045 0.014481 
band 5 0.3333 0.1111 0.244220 
band 6 0.5741 0.3296 0.031809 
band 7 0.5242 0.2748 0.054321 
Mt Hart 
[Sandstone] 
band 1 
Levy rod Curing 
0.7624 0.5812 0.010354 
10 
band 2 -0.5786 0.3348 0.079698 
band 3 0.8129 0.6609 0.004246 
band 4 0.5915 0.3499 0.071663 
band 5 -0.1035 0.0107 0.776096 
band 6 0.9411 0.8857 < 0.0001 
band 7 0.9222 0.8505 0.000146 
Parry Lagoons 
band 1 
Levy rod Curing 
0.5739 0.3294 0.040256 
13 
band 2 0.0247 0.0006 0.936155 
band 3 0.2891 0.0836 0.338005 
band 4 0.2454 0.0602 0.419061 
band 5 0.2031 0.0412 0.505735 
band 6 0.4936 0.2436 0.086488 
band 7 0.4738 0.2245 0.101931 
Ryans Farm 
band 1 
Levy rod Curing 
0.9548 0.9117 0.000223 
8 
band 2 -0.8950 0.8011 0.002668 
band 3 0.9729 0.9465 < 0.0001 
band 4 0.6488 0.4210 0.081745 
band 5 -0.6709 0.4501 0.068554 
band 6 0.8846 0.7825 0.003519 
band 7 0.9808 0.9619 < 0.0001 
Silent Grove 
[Blacksoil] 
band 1 
Levy rod Curing 
0.8000 0.6401 0.055977 
6 
band 2 -0.6127 0.3754 0.195979 
band 3 0.8043 0.6469 0.053690 
band 4 0.3589 0.1288 0.484755 
band 5 -0.5785 0.3346 0.229087 
band 6 0.3636 0.1322 0.478594 
band 7 0.6885 0.4740 0.130446 
Silent Grove 
[Sandstone] 
band 1 
Levy rod Curing 
0.6515 0.4245 0.041266 
10 
band 2 -0.3014 0.0908 0.397436 
band 3 0.8026 0.6442 0.005193 
band 4 0.4625 0.2139 0.178362 
band 5 -0.2636 0.0695 0.461792 
band 6 0.5938 0.3526 0.070326 
band 7 0.8604 0.7404 0.001398 
Simcocks 
band 1 
Levy rod Curing 
0.8678 0.7531 0.132200 
4 
band 2 -0.6188 0.3829 0.381173 
band 3 0.9307 0.8663 0.069253 
band 4 0.7086 0.5021 0.291416 
band 5 -0.1600 0.0256 0.840043 
band 6 0.9327 0.8698 0.067346 
band 7 0.9984 0.9969 0.001555 
Tidbinbilla 
band 1 
Levy rod Curing 
0.8699 0.7568 < 0.0001 
19 
band 2 -0.5241 0.2746 0.021268 
band 3 0.8167 0.6669 < 0.0001 
band 4 0.7607 0.5787 0.000156 
band 5 0.2939 0.0864 0.221909 
band 6 0.7923 0.6277 < 0.0001 
band 7 0.8117 0.6588 < 0.0001 
Tooradin 
band 1 
Levy rod Curing 
0.7806 0.6093 0.119229 
5 
band 2 0.7131 0.5086 0.176285 
band 3 0.8445 0.7132 0.071848 
band 4 0.8229 0.6772 0.087029 
band 5 0.8124 0.6600 0.094765 
band 6 0.7048 0.4967 0.183779 
band 7 0.6233 0.3885 0.261316 
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Table 9.12 MOD09 bands with Levy rod Curing for each grass type 
Site 
Variables Correlation coefficient 
Significance 
Probability 
Number of 
samples 
x y Pearson   r r2 p n 
Improved  
pastures 
band 1 
Levy rod Curing 
0.7307 0.5339 < 0.0001 
66 
band 2 -0.5875 0.3452 < 0.0001 
band 3 0.7038 0.4953 < 0.0001 
band 4 0.4427 0.1960 0.000198 
band 5 -0.0344 0.0012 0.783772 
band 6 0.6740 0.4543 < 0.0001 
band 7 0.7461 0.5567 < 0.0001 
Mixed grasses 
band 1 
Levy rod Curing 
0.8390 0.7040 < 0.0001 
75 
band 2 -0.2161 0.0467 0.062619 
band 3 0.8023 0.6437 < 0.0001 
band 4 0.7433 0.5525 < 0.0001 
band 5 0.2145 0.0460 0.064562 
band 6 0.8040 0.6465 < 0.0001 
band 7 0.7910 0.6257 < 0.0001 
Native grasses 
band 1 
Levy rod Curing 
0.7329 0.5372 < 0.0001 
57 
band 2 -0.5868 0.3444 < 0.0001 
band 3 0.7247 0.5252 < 0.0001 
band 4 0.3634 0.1320 0.005467 
band 5 -0.4183 0.1750 0.001203 
band 6 0.6400 0.4096 < 0.0001 
band 7 0.7372 0.5435 < 0.0001 
Native  
hummock 
band 1 
Levy rod Curing 
0.3004 0.0902 0.342783 
12 
band 2 -0.1735 0.0301 0.589757 
band 3 0.5561 0.3092 0.060444 
band 4 0.5321 0.2832 0.074919 
band 5 0.1179 0.0139 0.715216 
band 6 0.0853 0.0073 0.792096 
band 7 0.0452 0.0020 0.889056 
 
9.5.3 ASD bands and Curing 
 
Table 9.13 ASD generated MOD09 bands with Levy rod Curing 
Site 
Variables Correlation coefficient 
Significance 
Probability 
Number of 
samples 
x y Pearson   r r2 p n 
Caldermeade 
band 1 
Levy rod Curing 
0.8240 0.6790 0.000533 
13 
band 2 -0.6134 0.3763 0.025763 
band 3 0.8802 0.7747 < 0.0001 
band 4 0.7201 0.5186 0.005501 
band 5 0.1120 0.0125 0.715690 
band 6 0.7199 0.5183 0.005523 
band 7 0.5442 0.2962 0.054504 
Kaduna 
band 1 
Levy rod Curing 
0.7274 0.5291 0.017122 
10 
band 2 -0.3527 0.1244 0.317537 
band 3 0.8440 0.7123 0.002139 
band 4 0.5951 0.3541 0.069563 
band 5 0.4550 0.2070 0.186392 
band 6 0.9291 0.8632 0.000101 
band 7 0.9600 0.9215 < 0.0001 
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9.5.4 MODIS generated MOD09 bands and FMC 
 
Table 9.14 MOD09 bands against FMC (complete time-series for each grass type and all sites) 
Site 
Variables Correlation coefficient 
Significance 
Probability 
Number of 
samples 
x y Pearson   r r2 p n 
Improved  
pastures 
band 1 
FMC 
-0.5420 0.2938 0.009166 
22 
band 2 0.7540 0.5684 < 0.0001 
band 3 -0.5707 0.3257 0.005542 
band 4 -0.3834 0.1470 0.078155 
band 5 0.1287 0.0166 0.568206 
band 6 -0.5544 0.3073 0.007419 
band 7 -0.5921 0.3505 0.003697 
Mixed grasses 
band 1 
FMC 
-0.5149 0.2651 0.000296 
45 
band 2 0.5088 0.2589 0.000358 
band 3 -0.4867 0.2369 0.000698 
band 4 -0.4146 0.1719 0.004631 
band 5 -0.0115 0.0001 0.940123 
band 6 -0.5287 0.2795 0.000189 
band 7 -0.5363 0.2876 0.000146 
Native grasses 
band 1 
FMC 
-0.5423 0.2941 0.001113 
33 
band 2 0.4228 0.1788 0.014227 
band 3 -0.5601 0.3137 0.000701 
band 4 -0.2782 0.0774 0.116918 
band 5 0.2121 0.0450 0.236053 
band 6 -0.5870 0.3446 0.000329 
band 7 -0.7487 0.5606 < 0.0001 
Native  
hummock 
band 1 
FMC 
-0.8039 0.6462 0.002867 
11 
band 2 -0.2067 0.0427 0.541955 
band 3 -0.6933 0.4806 0.018009 
band 4 -0.8149 0.6640 0.002247 
band 5 -0.5637 0.3178 0.070911 
band 6 -0.6649 0.4422 0.025586 
band 7 -0.6211 0.3858 0.041398 
All sites 
band 1 
FMC 
-0.4729 0.2236 < 0.0001 
111 
band 2 0.5704 0.3254 < 0.0001 
band 3 -0.3870 0.1498 < 0.0001 
band 4 -0.2338 0.0547 0.013527 
band 5 0.2671 0.0713 0.004605 
band 6 -0.2834 0.0803 0.002578 
band 7 -0.4514 0.2038 < 0.0001 
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Figure 9.64 FMC (complete time-series) against MOD09 bands for each grass type of Australian 
sites 
 
Table 9.15 MOD09 bands against FMC < 100% for each grass type and for all sites. 
Site 
Variables Correlation coefficient 
Significance 
Probability 
Number of 
samples 
x y Pearson   r r2 p n 
Improved  
pastures 
band 1 
FMC 
0.1383 0.0191 0.652267 
13 
band 2 0.5799 0.3363 0.037766 
band 3 -0.1297 0.0168 0.672754 
band 4 0.1155 0.0133 0.707034 
band 5 0.5817 0.3384 0.037012 
band 6 0.0162 0.0003 0.958089 
band 7 -0.0504 0.0025 0.870150 
Mixed grasses 
band 1 
FMC 
-0.4927 0.2427 0.004174 
32 
band 2 0.5507 0.3033 0.001090 
band 3 -0.5507 0.3032 0.001092 
band 4 -0.4570 0.2088 0.008557 
band 5 0.2328 0.0542 0.199705 
band 6 -0.4759 0.2265 0.005899 
band 7 -0.6385 0.4076 0.000084 
Native grasses 
band 1 
FMC 
-0.3450 0.1190 0.057306 
31 
band 2 0.3996 0.1597 0.025941 
band 3 -0.4531 0.2053 0.010484 
band 4 -0.1331 0.0177 0.475309 
band 5 0.2954 0.0873 0.106616 
band 6 -0.4198 0.1762 0.018726 
band 7 -0.6445 0.4154 0.000091 
Native  
hummock 
band 1 
FMC 
-0.8039 0.6462 0.002867 
11 
band 2 -0.2067 0.0427 0.541955 
band 3 -0.6933 0.4806 0.018009 
band 4 -0.8149 0.6640 0.002247 
band 5 -0.5637 0.3178 0.070911 
band 6 -0.6649 0.4422 0.025586 
band 7 -0.6211 0.3858 0.041398 
All sites 
band 1 
FMC 
-0.3559 0.1267 0.000717 
87 
band 2 0.3454 0.1193 0.001050 
band 3 -0.3820 0.1459 0.000261 
band 4 -0.2339 0.0547 0.029190 
band 5 0.2052 0.0421 0.056561 
band 6 -0.2398 0.0575 0.025266 
band 7 -0.4734 0.2241 < 0.0001 
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Figure 9.65 FMC < 100% against MOD09 bands for each grass type of Australian sites 
 
9.5.5 ASD generated MOD09 bands and FMC 
 
Table 9.16 ASD generated MOD09 bands with FMC 
Site 
Variables Correlation 
Significance 
Probability 
Number of 
samples 
x y Pearson   r r2 p n 
Caldermeade 
band 1 
FMC 
-0.8598 0.7393 0.000688 
11 
band 2 0.5942 0.3530 0.053912 
band 3 -0.9442 0.8916 < 0.0001 
band 4 -0.7920 0.6272 0.003669 
band 5 -0.4285 0.1836 0.188591 
band 6 -0.8988 0.8079 0.000168 
band 7 -0.5876 0.3453 0.057311 
Kaduna 
band 1 
FMC 
-0.5747 0.3302 0.136218 
8 
band 2 0.5720 0.3272 0.138491 
band 3 -0.7975 0.6360 0.017734 
band 4 -0.4286 0.1837 0.289388 
band 5 -0.2384 0.0569 0.569591 
band 6 -0.8917 0.7951 0.002925 
band 7 -0.8930 0.7975 0.002819 
 
9.5.6 MODIS Vegetation Indices and Curing 
 
Table 9.17 Correlation coefficients for Levy rod curing and candidate vegetation indices 
Site Vegetation index 
Correlation coefficient Significance 
Number 
of samples 
Pearson r r² rmse (%) p n 
Ballan 
NDVI -0.9312 0.8672 8.36 < 0.0001 
14 
SAVI (L=0.5) -0.9330 0.8706 8.25 < 0.0001 
WDVI -0.9323 0.8691 8.38 < 0.0001 
AFVI(6) -0.9080 0.8244 9.61 < 0.0001 
AFVI(7) -0.9128 0.8332 9.36 < 0.0001 
EVI -0.9324 0.8694 8.29 < 0.0001 
GNDVI -0.8906 0.7932 10.43 < 0.0001 
BNDVI -0.8956 0.8020 10.20 < 0.0001 
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mNDVI -0.9451 0.8931 7.50 < 0.0001 
NDWI(5) -0.9041 0.8175 9.80 < 0.0001 
NDWI(6) -0.9028 0.8150 9.86 < 0.0001 
NDWI(7) -0.9080 0.8245 9.61 < 0.0001 
GVMI -0.8889 0.7901 10.51 < 0.0001 
VI(172) -0.9234 0.8527 8.80 < 0.0001 
VI(152) -0.9407 0.8850 7.78 < 0.0001 
mNDWI(567) -0.9123 0.8322 9.39 < 0.0001 
mNDWI(56) -0.9122 0.8320 9.40 < 0.0001 
mNDWI(67) -0.9053 0.8195 9.74 < 0.0001 
mNDVI(15) -0.9346 0.8734 8.16 < 0.0001 
mNDVI(16) -0.9196 0.8457 9.01 < 0.0001 
mNDVI(17) -0.9242 0.8542 8.76 < 0.0001 
mGNDVI(45) -0.9193 0.8450 9.03 < 0.0001 
mGNDVI(46) -0.9073 0.8232 9.64 < 0.0001 
mGNDVI(47) -0.9099 0.8279 9.51 < 0.0001 
mGNDVI(467) -0.9078 0.8242 9.62 < 0.0001 
Braidwood 
NDVI -0.9290 0.8631 7.68 < 0.0001 
21 
SAVI (L=0.5) -0.9241 0.8540 7.93 < 0.0001 
WDVI -0.9267 0.8588 8.23 < 0.0001 
AFVI(6) -0.9001 0.8101 9.05 < 0.0001 
AFVI(7) -0.8732 0.7626 10.11 < 0.0001 
EVI -0.9261 0.8576 7.83 < 0.0001 
GNDVI -0.8983 0.8069 9.12 < 0.0001 
BNDVI -0.8881 0.7887 9.54 < 0.0001 
mNDVI -0.9296 0.8642 7.65 < 0.0001 
NDWI(5) -0.8443 0.7129 11.12 < 0.0001 
NDWI(6) -0.9039 0.8171 8.88 < 0.0001 
NDWI(7) -0.8838 0.7812 9.71 < 0.0001 
GVMI -0.9041 0.8175 8.87 < 0.0001 
VI(172) -0.9008 0.8115 9.01 < 0.0001 
VI(152) -0.9111 0.8301 8.56 < 0.0001 
mNDWI(567) -0.8924 0.7964 9.37 < 0.0001 
mNDWI(56) -0.8946 0.8003 9.28 < 0.0001 
mNDWI(67) -0.8973 0.8052 9.16 < 0.0001 
mNDVI(15) -0.9031 0.8155 8.92 < 0.0001 
mNDVI(16) -0.9172 0.8412 8.27 < 0.0001 
mNDVI(17) -0.9049 0.8189 8.83 < 0.0001 
mGNDVI(45) -0.8811 0.7764 9.82 < 0.0001 
mGNDVI(46) -0.9067 0.8221 8.76 < 0.0001 
mGNDVI(47) -0.8876 0.7879 9.56 < 0.0001 
mGNDVI(467) -0.8987 0.8077 9.10 < 0.0001 
Site Vegetation index Pearson r r² rmse (%) p n 
Brooklyn 
NDVI -0.7486 0.5604 6.52 0.052870 
7 
SAVI (L=0.5) -0.6340 0.4020 7.61 0.126236 
WDVI -0.6406 0.4103 7.95 0.121151 
AFVI(6) -0.6102 0.3724 7.79 0.145623 
AFVI(7) -0.6399 0.4095 7.56 0.121622 
EVI -0.6494 0.4218 7.48 0.114426 
GNDVI -0.6451 0.4161 7.52 0.117719 
BNDVI -0.6708 0.4500 7.30 0.099063 
mNDVI -0.8081 0.6530 5.80 0.027864 
NDWI(5) -0.8226 0.6767 5.59 0.023077 
NDWI(6) -0.6011 0.3613 7.86 0.153450 
NDWI(7) -0.6332 0.4010 7.61 0.126839 
GVMI -0.6153 0.3786 7.76 0.141344 
VI(172) -0.6640 0.4409 7.36 0.103795 
VI(152) -0.8130 0.6609 5.73 0.026193 
mNDWI(567) -0.6841 0.4680 7.18 0.090062 
mNDWI(56) -0.7072 0.5001 6.96 0.075557 
mNDWI(67) -0.6154 0.3787 7.75 0.141277 
mNDVI(15) -0.8169 0.6674 5.67 0.024887 
mNDVI(16) -0.6446 0.4155 7.52 0.118056 
mNDVI(17) -0.6753 0.4560 7.26 0.095990 
mGNDVI(45) -0.7970 0.6353 5.94 0.031847 
mGNDVI(46) -0.6165 0.3801 7.75 0.140364 
mGNDVI(47) -0.6424 0.4127 7.54 0.119739 
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mGNDVI(467) -0.6234 0.3886 7.69 0.134722 
Caldermeade 
NDVI -0.9477 0.8981 3.53 < 0.0001 
14 
SAVI (L=0.5) -0.9346 0.8735 3.94 < 0.0001 
WDVI -0.9257 0.8570 4.30 < 0.0001 
AFVI(6) -0.9228 0.8515 4.26 < 0.0001 
AFVI(7) -0.9259 0.8574 4.18 < 0.0001 
EVI -0.9322 0.8690 4.01 < 0.0001 
GNDVI -0.9304 0.8657 4.05 < 0.0001 
BNDVI -0.8534 0.7283 5.77 0.000104 
mNDVI -0.9513 0.9050 3.41 < 0.0001 
NDWI(5) -0.9188 0.8442 4.37 < 0.0001 
NDWI(6) -0.9231 0.8521 4.26 < 0.0001 
NDWI(7) -0.9312 0.8671 4.03 < 0.0001 
GVMI -0.9191 0.8448 4.36 < 0.0001 
VI(172) -0.9422 0.8878 3.71 < 0.0001 
VI(152) -0.9455 0.8941 3.60 < 0.0001 
mNDWI(567) -0.9282 0.8615 4.12 < 0.0001 
mNDWI(56) -0.9254 0.8564 4.19 < 0.0001 
mNDWI(67) -0.9276 0.8604 4.13 < 0.0001 
mNDVI(15) -0.9399 0.8834 3.78 < 0.0001 
mNDVI(16) -0.9349 0.8740 3.93 < 0.0001 
mNDVI(17) -0.9418 0.8870 3.72 < 0.0001 
mGNDVI(45) -0.9315 0.8677 4.02 < 0.0001 
mGNDVI(46) -0.9284 0.8620 4.11 < 0.0001 
mGNDVI(47) -0.9325 0.8695 4.00 < 0.0001 
mGNDVI(467) -0.9297 0.8643 4.08 < 0.0001 
Site Vegetation index Pearson r r² rmse (%) p n 
Colinton 
NDVI -0.8540 0.7294 4.83 0.030402 
6 
SAVI (L=0.5) -0.8911 0.7941 4.22 0.017144 
WDVI -0.8983 0.8069 4.40 0.014993 
AFVI(6) -0.7675 0.5890 5.95 0.074831 
AFVI(7) -0.6343 0.4024 7.18 0.176139 
EVI -0.8744 0.7646 4.51 0.022674 
GNDVI -0.8088 0.6542 5.46 0.051333 
BNDVI -0.7706 0.5939 5.92 0.072886 
mNDVI -0.8754 0.7663 4.49 0.022319 
NDWI(5) 0.2635 0.0694 8.96 0.613909 
NDWI(6) -0.7679 0.5897 5.95 0.074549 
NDWI(7) -0.6321 0.3996 7.20 0.178120 
GVMI -0.7263 0.5275 6.38 0.102113 
VI(172) -0.7531 0.5672 6.11 0.083904 
VI(152) -0.1145 0.0131 9.23 0.829016 
mNDWI(567) -0.1283 0.0165 9.21 0.808627 
mNDWI(56) 0.0182 0.0003 9.29 0.972696 
mNDWI(67) -0.7256 0.5266 6.39 0.102584 
mNDVI(15) 0.0961 0.0092 9.25 0.856255 
mNDVI(16) -0.8088 0.6542 5.46 0.051341 
mNDVI(17) -0.7447 0.5546 6.20 0.089419 
mGNDVI(45) 0.1497 0.0224 9.18 0.777077 
mGNDVI(46) -0.7855 0.6171 5.75 0.064056 
mGNDVI(47) -0.7182 0.5158 6.46 0.107933 
mGNDVI(467) -0.7494 0.5615 6.15 0.086360 
Darnum 
NDVI -0.8215 0.6749 13.37 0.001048 
12 
SAVI (L=0.5) -0.8863 0.7855 10.86 0.000123 
WDVI -0.8833 0.7801 11.80 0.000140 
AFVI(6) -0.9525 0.9072 7.14 < 0.0001 
AFVI(7) -0.9403 0.8841 7.98 < 0.0001 
EVI -0.8754 0.7662 11.34 0.000192 
GNDVI -0.8083 0.6533 13.81 0.001465 
BNDVI -0.8732 0.7625 11.43 0.000208 
mNDVI -0.7540 0.5685 15.40 0.004615 
NDWI(5) -0.9327 0.8700 8.46 < 0.0001 
NDWI(6) -0.9570 0.9159 6.80 < 0.0001 
NDWI(7) -0.9458 0.8945 7.62 < 0.0001 
GVMI -0.9538 0.9097 7.05 < 0.0001 
VI(172) -0.9161 0.8393 9.40 < 0.0001 
VI(152) -0.8969 0.8044 10.37 < 0.0001 
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mNDWI(567) -0.9551 0.9123 6.95 < 0.0001 
mNDWI(56) -0.9567 0.9153 6.83 < 0.0001 
mNDWI(67) -0.9529 0.9081 7.11 < 0.0001 
mNDVI(15) -0.9162 0.8394 9.40 < 0.0001 
mNDVI(16) -0.9344 0.8731 8.36 < 0.0001 
mNDVI(17) -0.9129 0.8335 9.57 < 0.0001 
mGNDVI(45) -0.9310 0.8668 8.56 < 0.0001 
mGNDVI(46) -0.9429 0.8890 7.81 < 0.0001 
mGNDVI(47) -0.9248 0.8553 8.92 < 0.0001 
mGNDVI(467) -0.9442 0.8914 7.73 < 0.0001 
Site Vegetation index Pearson r r² rmse (%) p n 
Durran Durra 
NDVI -0.5375 0.2889 4.05 0.169466 
8 
SAVI (L=0.5) 0.0115 0.0001 4.80 0.978444 
WDVI -0.1076 0.0116 4.77 0.799765 
AFVI(6) -0.6585 0.4336 3.61 0.075823 
AFVI(7) -0.6571 0.4317 3.62 0.076667 
EVI -0.0146 0.0002 4.80 0.972578 
GNDVI -0.6318 0.3991 3.72 0.092901 
BNDVI -0.6030 0.3636 3.83 0.113533 
mNDVI -0.5127 0.2629 4.12 0.193847 
NDWI(5) 0.2101 0.0441 4.69 0.617549 
NDWI(6) -0.6583 0.4334 3.61 0.075928 
NDWI(7) -0.6565 0.4310 3.62 0.077016 
GVMI -0.6696 0.4484 3.57 0.069292 
VI(172) -0.6557 0.4300 3.62 0.077472 
VI(152) -0.1653 0.0273 4.73 0.695665 
mNDWI(567) -0.5217 0.2722 4.10 0.184819 
mNDWI(56) -0.3914 0.1532 4.42 0.337601 
mNDWI(67) -0.6590 0.4343 3.61 0.075497 
mNDVI(15) -0.0021 0.0000 4.80 0.996044 
mNDVI(16) -0.6475 0.4193 3.66 0.082589 
mNDVI(17) -0.6499 0.4223 3.65 0.081096 
mGNDVI(45) 0.0762 0.0058 4.79 0.857585 
mGNDVI(46) -0.6777 0.4593 3.53 0.064778 
mGNDVI(47) -0.6841 0.4680 3.50 0.061301 
mGNDVI(467) -0.6721 0.4517 3.55 0.067898 
Jerona 
NDVI -0.9569 0.9156 3.85 0.002750 
6 
SAVI (L=0.5) -0.9596 0.9209 3.73 0.002411 
WDVI -0.9551 0.9122 4.01 0.002981 
AFVI(6) -0.9964 0.9929 1.12 < 0.0001 
AFVI(7) -0.8888 0.7900 6.07 0.017853 
EVI -0.9584 0.9186 3.78 0.002554 
GNDVI -0.9130 0.8335 5.41 0.011032 
BNDVI -0.9396 0.8829 4.53 0.005354 
mNDVI -0.9607 0.9230 3.68 0.002283 
NDWI(5) -0.7751 0.6007 8.37 0.070203 
NDWI(6) -0.9954 0.9909 1.26 0.000031 
NDWI(7) -0.8911 0.7941 6.01 0.017134 
GVMI -0.9889 0.9779 1.97 0.000184 
VI(172) -0.9279 0.8611 4.94 0.007600 
VI(152) -0.9520 0.9063 4.05 0.003399 
mNDWI(567) -0.9649 0.9311 3.48 0.001824 
mNDWI(56) -0.9565 0.9149 3.86 0.002796 
mNDWI(67) -0.9710 0.9428 3.17 0.001252 
mNDVI(15) -0.9152 0.8376 5.34 0.010479 
mNDVI(16) -0.9896 0.9793 1.91 0.000163 
mNDVI(17) -0.9280 0.8612 4.94 0.007589 
mGNDVI(45) -0.8924 0.7964 5.98 0.016732 
mGNDVI(46) -0.9887 0.9776 1.98 0.000190 
mGNDVI(47) -0.9173 0.8415 5.27 0.009971 
mGNDVI(467) -0.9709 0.9426 3.17 0.001258 
Site Vegetation index Pearson r r² rmse (%) p n 
Kaduna 
NDVI -0.7568 0.5728 4.78 0.048882 
7 
SAVI (L=0.5) -0.7133 0.5088 5.12 0.071931 
WDVI -0.7185 0.5163 5.19 0.068896 
AFVI(6) -0.7522 0.5657 4.82 0.051130 
AFVI(7) -0.7714 0.5951 4.65 0.042233 
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EVI -0.7113 0.5059 5.14 0.073118 
GNDVI -0.7594 0.5767 4.76 0.047676 
BNDVI -0.7516 0.5649 4.82 0.051384 
mNDVI -0.7504 0.5631 4.83 0.051982 
NDWI(5) -0.4698 0.2207 6.45 0.287482 
NDWI(6) -0.7464 0.5571 4.86 0.053966 
NDWI(7) -0.7682 0.5902 4.68 0.043647 
GVMI -0.7558 0.5713 4.79 0.049358 
VI(172) -0.5965 0.3558 4.70 0.157420 
VI(152) -0.7847 0.6157 5.18 0.036659 
mNDWI(567) -0.6553 0.4294 4.47 0.110100 
mNDWI(56) -0.6931 0.4804 4.58 0.084258 
mNDWI(67) -0.5299 0.2808 4.78 0.221202 
mNDVI(15) -0.7401 0.5477 5.64 0.057193 
mNDVI(16) -0.5796 0.3359 4.79 0.172624 
mNDVI(17) -0.6071 0.3686 4.67 0.148260 
mGNDVI(45) -0.5957 0.3549 5.87 0.158110 
mGNDVI(46) -0.7553 0.5704 4.79 0.049627 
mGNDVI(47) -0.7720 0.5960 4.65 0.041988 
mGNDVI(467) -0.7611 0.5793 4.74 0.046867 
Kilcunda 
NDVI -0.9134 0.8343 3.06 0.000221 
10 
SAVI (L=0.5) -0.8698 0.7565 3.69 0.001073 
WDVI -0.9211 0.8484 2.85 0.000154 
AFVI(6) -0.8501 0.7227 3.91 0.001835 
AFVI(7) -0.8069 0.6511 4.38 0.004786 
EVI -0.8728 0.7617 3.65 0.000981 
GNDVI -0.8470 0.7175 3.95 0.001983 
BNDVI -0.9029 0.8152 3.19 0.000346 
mNDVI -0.8843 0.7820 3.51 0.000680 
NDWI(5) -0.4849 0.2351 6.50 0.155471 
NDWI(6) -0.8578 0.7358 3.82 0.001502 
NDWI(7) -0.8165 0.6666 4.28 0.003951 
GVMI -0.7839 0.6146 4.61 0.007278 
VI(172) -0.8851 0.7834 3.46 0.000662 
VI(152) -0.8112 0.6580 4.35 0.004398 
mNDWI(567) -0.8253 0.6812 4.19 0.003280 
mNDWI(56) -0.8025 0.6441 4.43 0.005202 
mNDWI(67) -0.8425 0.7099 4.00 0.002214 
mNDVI(15) -0.6662 0.4438 5.54 0.035442 
mNDVI(16) -0.8928 0.7970 3.35 0.000507 
mNDVI(17) -0.8747 0.7652 3.60 0.000924 
mGNDVI(45) -0.5875 0.3452 6.01 0.074090 
mGNDVI(46) -0.8708 0.7582 3.65 0.001042 
mGNDVI(47) -0.8395 0.7047 4.03 0.002381 
mGNDVI(467) -0.8516 0.7253 3.89 0.001765 
Site Vegetation index Pearson r r² rmse (%) p n 
Lakefield 
NDVI -0.9172 0.8412 6.73 0.082811 
4 
SAVI (L=0.5) -0.9863 0.9729 2.78 0.013663 
WDVI -0.9839 0.9681 2.79 0.016093 
AFVI(6) -0.9775 0.9555 3.56 0.022494 
AFVI(7) -0.9690 0.9390 4.17 0.030972 
EVI -0.9667 0.9344 4.33 0.033336 
GNDVI -0.9140 0.8353 6.86 0.086046 
BNDVI -0.9717 0.9443 3.99 0.028261 
mNDVI -0.7721 0.5962 10.74 0.227868 
NDWI(5) -0.9792 0.9587 3.43 0.020844 
NDWI(6) -0.9741 0.9489 3.82 0.025894 
NDWI(7) -0.9704 0.9416 4.08 0.029626 
GVMI -0.9711 0.9430 4.03 0.028913 
VI(172) -0.9599 0.9214 4.74 0.040108 
VI(152) -0.9778 0.9560 3.54 0.022248 
mNDWI(567) -0.9875 0.9752 2.66 0.012466 
mNDWI(56) -0.9794 0.9591 3.42 0.020649 
mNDWI(67) -0.9835 0.9673 3.06 0.016483 
mNDVI(15) -0.9841 0.9685 3.00 0.015868 
mNDVI(16) -0.9746 0.9498 3.79 0.025423 
mNDVI(17) -0.9549 0.9119 5.02 0.045082 
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mGNDVI(45) -0.9915 0.9830 2.20 0.008532 
mGNDVI(46) -0.9795 0.9595 3.40 0.020471 
mGNDVI(47) -0.9577 0.9172 4.86 0.042311 
mGNDVI(467) -0.9818 0.9640 3.21 0.018180 
Lorna Glen 
NDVI -0.5789 0.3352 5.43 0.048562 
12 
SAVI (L=0.5) -0.6224 0.3874 5.21 0.030672 
WDVI -0.5589 0.3123 5.31 0.058897 
AFVI(6) -0.2972 0.0883 6.36 0.348129 
AFVI(7) -0.1607 0.0258 6.57 0.617783 
EVI -0.5651 0.3194 5.49 0.055522 
GNDVI -0.6912 0.4778 4.81 0.012790 
BNDVI -0.6235 0.3888 5.21 0.030273 
mNDVI -0.3845 0.1478 6.15 0.217202 
NDWI(5) -0.4519 0.2042 5.94 0.140223 
NDWI(6) -0.3020 0.0912 6.35 0.340047 
NDWI(7) -0.1632 0.0266 6.57 0.612196 
GVMI -0.2384 0.0568 6.47 0.455529 
VI(172) -0.3713 0.1379 6.18 0.234643 
VI(152) -0.5566 0.3098 5.53 0.060172 
mNDWI(567) -0.2961 0.0877 6.36 0.349974 
mNDWI(56) -0.3923 0.1539 6.13 0.207231 
mNDWI(67) -0.2278 0.0519 6.48 0.476502 
mNDVI(15) -0.5416 0.2934 5.60 0.068929 
mNDVI(16) -0.4097 0.1679 6.07 0.185945 
mNDVI(17) -0.2992 0.0895 6.35 0.344834 
mGNDVI(45) -0.6175 0.3813 5.24 0.032404 
mGNDVI(46) -0.4514 0.2037 5.94 0.140790 
mGNDVI(47) -0.3260 0.1063 6.30 0.301044 
mGNDVI(467) -0.3183 0.1013 6.31 0.313378 
Site Vegetation index Pearson r r² rmse (%) p n 
Majura 
NDVI -0.8184 0.6698 6.56 0.000346 
14 
SAVI (L=0.5) -0.7198 0.5181 7.93 0.003700 
WDVI -0.8076 0.6523 7.52 0.000477 
AFVI(6) -0.4815 0.2318 10.01 0.081309 
AFVI(7) -0.4438 0.1970 10.23 0.111887 
EVI -0.7096 0.5035 8.05 0.004478 
GNDVI -0.7782 0.6056 7.17 0.001046 
BNDVI -0.7784 0.6059 7.17 0.001041 
mNDVI -0.8306 0.6899 6.36 0.000234 
NDWI(5) -0.3630 0.1318 10.64 0.202108 
NDWI(6) -0.4793 0.2297 10.02 0.082892 
NDWI(7) -0.4445 0.1976 10.23 0.111298 
GVMI -0.5374 0.2888 9.63 0.047512 
VI(172) -0.6238 0.3891 8.92 0.017134 
VI(152) -0.7387 0.5457 7.70 0.002546 
mNDWI(567) -0.4525 0.2047 10.18 0.104269 
mNDWI(56) -0.4563 0.2082 10.16 0.100995 
mNDWI(67) -0.4637 0.2150 10.12 0.094945 
mNDVI(15) -0.6342 0.4023 8.83 0.014848 
mNDVI(16) -0.5976 0.3571 9.16 0.024024 
mNDVI(17) -0.5755 0.3312 9.34 0.031291 
mGNDVI(45) -0.5602 0.3138 9.46 0.037208 
mGNDVI(46) -0.5531 0.3059 9.51 0.040231 
mGNDVI(47) -0.5262 0.2769 9.71 0.053230 
mGNDVI(467) -0.5071 0.2571 9.84 0.064208 
Mt Hart 
(Sandstone) 
NDVI -0.9452 0.8934 3.80 < 0.0001 
10 
SAVI (L=0.5) -0.9243 0.8543 4.44 0.000131 
WDVI -0.9435 0.8902 4.20 < 0.0001 
AFVI(6) -0.8509 0.7240 6.11 0.001798 
AFVI(7) -0.8665 0.7508 5.80 0.001179 
EVI -0.9345 0.8734 4.14 < 0.0001 
GNDVI -0.8276 0.6849 6.53 0.003122 
BNDVI -0.8346 0.6965 6.40 0.002669 
mNDVI -0.9191 0.8447 4.58 0.000170 
NDWI(5) -0.8017 0.6428 6.95 0.005280 
NDWI(6) -0.8578 0.7359 5.97 0.001500 
NDWI(7) -0.8751 0.7658 5.63 0.000914 
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GVMI -0.8852 0.7836 5.41 0.000660 
VI(172) -0.9161 0.8392 4.66 0.000196 
VI(152) -0.9503 0.9030 3.62 < 0.0001 
mNDWI(567) -0.8667 0.7511 5.80 0.001173 
mNDWI(56) -0.8539 0.7291 6.05 0.001665 
mNDWI(67) -0.8689 0.7551 5.75 0.001099 
mNDVI(15) -0.9283 0.8617 4.32 0.000106 
mNDVI(16) -0.9052 0.8193 4.94 0.000315 
mNDVI(17) -0.9123 0.8322 4.76 0.000233 
mGNDVI(45) -0.8452 0.7143 6.21 0.002077 
mGNDVI(46) -0.8557 0.7322 6.02 0.001589 
mGNDVI(47) -0.8659 0.7498 5.81 0.001199 
mGNDVI(467) -0.8653 0.7488 5.83 0.001220 
Site Vegetation index Pearson r r² rmse (%) p n 
Parry Lagoons 
NDVI -0.6160 0.3795 6.24 0.024978 
13 
SAVI (L=0.5) -0.4906 0.2406 7.62 0.088747 
WDVI -0.5993 0.3591 6.85 0.030432 
AFVI(6) -0.3439 0.1183 9.59 0.249913 
AFVI(7) -0.3204 0.1027 9.04 0.285853 
EVI -0.5300 0.2809 7.46 0.062453 
GNDVI -0.3101 0.0962 7.40 0.302459 
BNDVI -0.3187 0.1016 7.35 0.288600 
mNDVI -0.7026 0.4937 5.77 0.007398 
NDWI(5) -0.4231 0.1790 7.09 0.149746 
NDWI(6) -0.3584 0.1284 9.37 0.229192 
NDWI(7) -0.3413 0.1165 8.82 0.253691 
GVMI -0.4252 0.1808 8.44 0.147476 
VI(172) -0.4626 0.2140 7.96 0.111449 
VI(152) -0.6361 0.4047 6.01 0.019426 
mNDWI(567) -0.3771 0.1422 8.28 0.204044 
mNDWI(56) -0.3998 0.1599 7.85 0.175873 
mNDWI(67) -0.3534 0.1249 9.24 0.236208 
mNDVI(15) -0.6229 0.3880 6.07 0.022961 
mNDVI(16) -0.4439 0.1970 8.70 0.128647 
mNDVI(17) -0.4360 0.1901 8.23 0.136380 
mGNDVI(45) -0.4676 0.2187 6.87 0.107120 
mGNDVI(46) -0.3560 0.1267 9.30 0.232560 
mGNDVI(47) -0.3351 0.1123 8.66 0.263112 
mGNDVI(467) -0.3499 0.1224 9.21 0.241183 
Ryans Farm 
NDVI -0.9917 0.9834 2.69 < 0.0001 
8 
SAVI (L=0.5) -0.9667 0.9346 5.33 < 0.0001 
WDVI -0.9536 0.9094 6.59 0.000241 
AFVI(6) -0.9822 0.9648 3.91 < 0.0001 
AFVI(7) -0.9919 0.9839 2.65 < 0.0001 
EVI -0.9519 0.9062 6.39 0.000268 
GNDVI -0.9964 0.9929 1.76 < 0.0001 
BNDVI -0.9972 0.9944 1.56 < 0.0001 
mNDVI -0.9883 0.9767 3.19 < 0.0001 
NDWI(5) -0.9571 0.9161 6.04 0.000191 
NDWI(6) -0.9766 0.9537 4.49 < 0.0001 
NDWI(7) -0.9905 0.9811 2.86 < 0.0001 
GVMI -0.9765 0.9536 4.49 < 0.0001 
VI(172) -0.9928 0.9858 2.49 < 0.0001 
VI(152) -0.9913 0.9826 2.75 < 0.0001 
mNDWI(567) -0.9830 0.9663 3.83 < 0.0001 
mNDWI(56) -0.9771 0.9547 4.44 < 0.0001 
mNDWI(67) -0.9838 0.9678 3.74 < 0.0001 
mNDVI(15) -0.9808 0.9619 4.07 < 0.0001 
mNDVI(16) -0.9831 0.9664 3.82 < 0.0001 
mNDVI(17) -0.9922 0.9844 2.61 < 0.0001 
mGNDVI(45) -0.9754 0.9515 4.60 < 0.0001 
mGNDVI(46) -0.9854 0.9710 3.55 < 0.0001 
mGNDVI(47) -0.9948 0.9897 2.12 < 0.0001 
mGNDVI(467) -0.9880 0.9762 3.22 < 0.0001 
Site Vegetation index Pearson r r² rmse (%) p n 
Silent Grove 
(Blacksoil) 
NDVI -0.9788 0.9580 3.79 0.000672 
6 
SAVI (L=0.5) -0.8982 0.8068 8.13 0.015014 
328 
 
WDVI -0.9390 0.8817 8.07 0.005473 
AFVI(6) -0.8771 0.7693 8.88 0.021725 
AFVI(7) -0.8455 0.7149 9.87 0.033961 
EVI -0.8858 0.7847 8.58 0.018802 
GNDVI -0.8804 0.7751 8.77 0.020604 
BNDVI -0.9216 0.8493 7.18 0.008984 
mNDVI -0.9613 0.9240 5.10 0.002222 
NDWI(5) -0.3744 0.1401 17.14 0.464705 
NDWI(6) -0.8825 0.7789 8.69 0.019883 
NDWI(7) -0.8548 0.7307 9.60 0.030097 
GVMI -0.8942 0.7997 8.28 0.016184 
VI(172) -0.9313 0.8673 6.73 0.006915 
VI(152) -0.9591 0.9199 5.23 0.002471 
mNDWI(567) -0.8540 0.7294 9.62 0.030409 
mNDWI(56) -0.8526 0.7269 9.66 0.031005 
mNDWI(67) -0.8697 0.7564 9.12 0.024350 
mNDVI(15) -0.9047 0.8184 7.88 0.013196 
mNDVI(16) -0.9263 0.8581 6.97 0.007941 
mNDVI(17) -0.9148 0.8368 7.47 0.010583 
mGNDVI(45) -0.7853 0.6168 11.45 0.064173 
mGNDVI(46) -0.8823 0.7784 8.70 0.019976 
mGNDVI(47) -0.8597 0.7390 9.45 0.028162 
mGNDVI(467) -0.8707 0.7581 9.09 0.023997 
Silent Grove 
(Sandstone) 
NDVI -0.8706 0.7579 4.23 0.001048 
10 
SAVI (L=0.5) -0.7099 0.5040 6.05 0.021439 
WDVI -0.8173 0.6681 5.79 0.003881 
AFVI(6) -0.5969 0.3563 6.89 0.068462 
AFVI(7) -0.5705 0.3255 7.05 0.085019 
EVI -0.7156 0.5121 6.00 0.019958 
GNDVI -0.6843 0.4683 6.26 0.029055 
BNDVI -0.7351 0.5404 5.82 0.015419 
mNDVI -0.8527 0.7271 4.49 0.001719 
NDWI(5) -0.2279 0.0519 8.36 0.526563 
NDWI(6) -0.6021 0.3625 6.86 0.065483 
NDWI(7) -0.5798 0.3361 7.00 0.078964 
GVMI -0.7200 0.5184 5.96 0.018872 
VI(172) -0.7094 0.5033 6.05 0.021576 
VI(152) -0.7977 0.6363 5.18 0.005696 
mNDWI(567) -0.5552 0.3082 7.14 0.095725 
mNDWI(56) -0.5178 0.2681 7.35 0.125265 
mNDWI(67) -0.5950 0.3541 6.90 0.069572 
mNDVI(15) -0.6385 0.4076 6.61 0.046952 
mNDVI(16) -0.6994 0.4892 6.14 0.024377 
mNDVI(17) -0.6673 0.4453 6.39 0.035028 
mGNDVI(45) -0.4486 0.2013 7.67 0.193456 
mGNDVI(46) -0.6210 0.3856 6.73 0.055368 
mGNDVI(47) -0.5956 0.3547 6.90 0.069250 
mGNDVI(467) -0.6035 0.3642 6.85 0.064721 
Site Vegetation index Pearson r r² rmse (%) p n 
Simcocks 
NDVI -0.9633 0.9279 2.56 0.036738 
4 
SAVI (L=0.5) -0.9387 0.8811 3.29 0.061343 
WDVI -0.9636 0.9286 3.27 0.036357 
AFVI(6) -0.9049 0.8188 4.06 0.095146 
AFVI(7) -0.9133 0.8341 3.88 0.086723 
EVI -0.9541 0.9102 2.85 0.045931 
GNDVI -0.9238 0.8535 3.65 0.076166 
BNDVI -0.9003 0.8105 4.15 0.099701 
mNDVI -0.9571 0.9161 2.76 0.042884 
NDWI(5) -0.9483 0.8993 3.02 0.051682 
NDWI(6) -0.9064 0.8216 4.03 0.093590 
NDWI(7) -0.9165 0.8401 3.81 0.083453 
GVMI -0.9366 0.8772 3.34 0.063392 
VI(172) -0.9487 0.9000 3.01 0.051298 
VI(152) -0.9462 0.8953 3.08 0.053813 
mNDWI(567) -0.9305 0.8658 3.49 0.069534 
mNDWI(56) -0.9387 0.8812 3.28 0.061268 
mNDWI(67) -0.9116 0.8309 3.92 0.088443 
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mNDVI(15) -0.9558 0.9136 2.80 0.044187 
mNDVI(16) -0.9412 0.8858 3.22 0.058828 
mNDVI(17) -0.9461 0.8951 3.09 0.053885 
mGNDVI(45) -0.9459 0.8948 3.09 0.054055 
mGNDVI(46) -0.9138 0.8351 3.87 0.086187 
mGNDVI(47) -0.9198 0.8460 3.74 0.080233 
mGNDVI(467) -0.9148 0.8368 3.85 0.085219 
Tidbinbilla 
NDVI -0.9538 0.9097 7.71 < 0.0001 
19 
SAVI (L=0.5) -0.9550 0.9120 7.61 < 0.0001 
WDVI -0.9581 0.9180 7.59 < 0.0001 
AFVI(6) -0.8904 0.7928 11.68 < 0.0001 
AFVI(7) -0.8675 0.7526 12.76 < 0.0001 
EVI -0.9608 0.9232 7.11 < 0.0001 
GNDVI -0.8948 0.8007 11.46 < 0.0001 
BNDVI -0.8896 0.7915 11.72 < 0.0001 
mNDVI -0.9518 0.9058 7.87 < 0.0001 
NDWI(5) -0.8813 0.7767 12.12 < 0.0001 
NDWI(6) -0.8902 0.7925 11.69 < 0.0001 
NDWI(7) -0.8717 0.7598 12.58 < 0.0001 
GVMI -0.8893 0.7908 11.74 < 0.0001 
VI(172) -0.9193 0.8451 10.10 < 0.0001 
VI(152) -0.9632 0.9277 6.90 < 0.0001 
mNDWI(567) -0.8996 0.8093 11.21 < 0.0001 
mNDWI(56) -0.9089 0.8261 10.70 < 0.0001 
mNDWI(67) -0.8841 0.7816 11.99 < 0.0001 
mNDVI(15) -0.9523 0.9069 7.83 < 0.0001 
mNDVI(16) -0.9220 0.8500 9.94 < 0.0001 
mNDVI(17) -0.9171 0.8411 10.23 < 0.0001 
mGNDVI(45) -0.9256 0.8567 9.71 < 0.0001 
mGNDVI(46) -0.8992 0.8086 11.22 < 0.0001 
mGNDVI(47) -0.8857 0.7844 11.91 < 0.0001 
mGNDVI(467) -0.8905 0.7930 11.67 < 0.0001 
Site Vegetation index Pearson r r² rmse (%) p n 
Tooradin 
NDVI -0.7074 0.5003 7.80 0.181469 
5 
SAVI (L=0.5) 0.2292 0.0525 10.74 0.710751 
WDVI -0.1683 0.0283 9.05 0.786743 
AFVI(6) -0.4191 0.1756 10.02 0.482479 
AFVI(7) -0.1088 0.0118 10.97 0.861691 
EVI 0.3823 0.1461 10.19 0.525397 
GNDVI -0.8160 0.6659 6.38 0.092074 
BNDVI -0.7829 0.6129 6.86 0.117391 
mNDVI -0.6058 0.3669 8.78 0.278916 
NDWI(5) -0.5403 0.2919 9.28 0.347160 
NDWI(6) -0.4154 0.1725 10.04 0.486743 
NDWI(7) -0.1062 0.0113 10.97 0.864994 
GVMI -0.6010 0.3612 8.82 0.283720 
VI(172) -0.3954 0.1564 10.13 0.509979 
VI(152) -0.6443 0.4152 8.44 0.240567 
mNDWI(567) -0.4510 0.2034 9.85 0.445883 
mNDWI(56) -0.6108 0.3731 8.74 0.273834 
mNDWI(67) -0.2496 0.0623 10.68 0.685586 
mNDVI(15) -0.6152 0.3784 8.70 0.269409 
mNDVI(16) -0.5968 0.3562 8.85 0.288009 
mNDVI(17) -0.3718 0.1382 10.24 0.537741 
mGNDVI(45) -0.6147 0.3779 8.70 0.269887 
mGNDVI(46) -0.5739 0.3294 9.03 0.311659 
mGNDVI(47) -0.2961 0.0877 10.54 0.628549 
mGNDVI(467) -0.3533 0.1248 10.32 0.559710 
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Figure 9.66 Rmse of Levy rod curing against fourteen normalised and original vegetation indices 
for all Australian sites (except Lorna Glen) during the critical curing period and for the 
complete time-series.  
 
Table 9.18 Summary of correlation coefficients (rmse) for the complete time-series between Levy 
rod curing and thirty vegetation indices (order of lowest to highest rmse) for a) all Australian 
sites and b) each grass type.  All (pairwise) correlations are highlighted in bold if significant at p 
< 0.0001, in regular font if 0.0001 < p < 0.05, and in italic if not significant.  
 
 
a) Complete time-series for all Australian sites 
All sites All sites except for Lorna Glen 
VI rmse VI rmse 
BNDVI 13.05 mNDVI 11.64 
GBNDVI 13.10 NDVI 11.84 
RBNDVI 13.16 RBNDVI 12.18 
PNDVI 13.20 GRNDVI 12.33 
GNDVI 13.27 PNDVI 12.49 
GRNDVI 13.30 VI(152) 12.70 
NDVI 13.42 GBNDVI 12.99 
VI(152) 13.63 BNDVI 13.04 
mNDVI(16) 13.67 GNDVI 13.10 
mGNDVI(46) 13.80 mNDVI(16) 13.20 
GVMI 13.87 VI(172) 13.55 
mNDVI(15) 14.03 mNDVI(17) 13.57 
AFVI(6) 14.09 mGNDVI(46) 13.66 
NDWI(6) 14.18 SAVI 13.68 
mNDVI 14.26 mNDVI(15) 13.75 
mNDWI(56) 14.33 WDVI 13.79 
WDVI 14.36 EVI 13.80 
mGNDVI(45) 14.47 GVMI 13.88 
mGNDVI(467) 14.48 AFVI(6) 13.98 
mNDWI(567) 14.63 mGNDVI(467) 14.03 
mNDVI(17) 14.68 NDWI(6) 14.06 
mNDWI(67) 14.70 mGNDVI(47) 14.19 
SAVI 14.74 mNDWI(67) 14.24 
VI(172) 14.76 mNDWI(567) 14.35 
EVI 14.87 mNDWI(56) 14.36 
mGNDVI(47) 14.96 mGNDVI(45) 14.67 
NDWI(7) 15.49 NDWI(7) 14.69 
AFVI(7) 15.62 AFVI(7) 14.74 
NDWI(5) 15.80 NDWI(5) 16.11 
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b) Complete time-series of each grass type 
Improved pastures Mixed grasses Native grasses Native hummock 
VI   rmse VI rmse VI rmse VI   rmse 
VI(152) 10.78 mNDVI 9.79 NDVI 8.63 GNDVI 4.81 
mNDVI 10.87 NDVI 10.52 mNDVI 8.66 PNDVI 4.86 
NDVI 10.92 RBNDVI 11.12 RBNDVI 8.77 GRNDVI 4.94 
RBNDVI 11.25 GRNDVI 11.21 GRNDVI 8.97 GBNDVI 4.97 
mNDVI(15) 11.27 PNDVI 11.54 PNDVI 9.05 RBNDVI 5.01 
mNDVI(16) 11.32 GNDVI 12.03 VI(152) 9.12 BNDVI 5.21 
GRNDVI 11.39 GBNDVI 12.08 BNDVI 9.15 SAVI 5.21 
mNDVI(17) 11.52 BNDVI 12.10 GBNDVI 9.33 mGNDVI(45) 5.24 
VI(172) 11.55 VI(152) 12.23 VI(172) 9.36 WDVI 5.31 
PNDVI 11.57 mNDVI(16) 12.31 mNDVI(16) 9.50 NDVI 5.43 
mNDWI(56) 11.61 GVMI 12.47 mNDVI(17) 9.50 EVI 5.49 
mNDWI(567) 11.64 VI(172) 12.63 GNDVI 9.51 VI(152) 5.53 
EVI 11.89 mNDVI(17) 12.88 GVMI 9.72 mNDVI(15) 5.60 
mGNDVI(45) 11.92 mGNDVI(46) 12.91 mGNDVI(46) 9.77 NDWI(5) 5.94 
GVMI 11.94 AFVI(6) 13.30 mGNDVI(467) 9.85 mGNDVI(46) 5.94 
mGNDVI(46) 11.95 mGNDVI(467) 13.44 mNDVI(15) 9.88 mNDVI(16) 6.07 
SAVI 11.98 NDWI(6) 13.47 mGNDVI(47) 9.90 mNDWI(56) 6.13 
NDWI(6) 12.09 SAVI 13.61 mNDWI(67) 9.96 mNDVI 6.15 
mGNDVI(467) 12.11 mGNDVI(47) 13.64 AFVI(6) 9.96 VI(172) 6.18 
AFVI(6) 12.13 mNDWI(67) 13.80 SAVI 9.97 mGNDVI(47) 6.30 
mNDWI(67) 12.18 EVI 13.82 NDWI(6) 10.01 mGNDVI(467) 6.31 
GNDVI 12.19 AFVI(7) 14.24 NDWI(7) 10.06 NDWI(6) 6.35 
GBNDVI 12.21 NDWI(7) 14.37 mNDWI(567) 10.14 mNDVI(17) 6.35 
mGNDVI(47) 12.30 mNDWI(567) 14.40 AFVI(7) 10.20 AFVI(6) 6.36 
BNDVI 12.42 mNDVI(15) 14.53 EVI 10.25 mNDWI(567) 6.36 
NDWI(7) 12.44 mNDWI(56) 14.69 WDVI 10.26 GVMI 6.47 
AFVI(7) 12.58 WDVI 15.21 mNDWI(56) 10.33 mNDWI(67) 6.48 
NDWI(5) 12.76 mGNDVI(45) 16.14 mGNDVI(45) 10.48 NDWI(7) 6.57 
WDVI 13.27 NDWI(5) 18.53 NDWI(5) 11.39 AFVI(7) 6.57 
 
Table 9.19 Summary of correlation coefficients (rmse) for the critical curing period (> 60%) 
between Levy rod curing and thirty vegetation indices (order of lowest to highest rmse) for a) all 
Australian sites and b) each grass type.  All (pairwise) correlations are highlighted in bold if 
significant at p < 0.0001, in regular font if 0.0001 < p < 0.05.  No correlations were made for 
Native Hummock owing to few curing samples (> 60%) at Lorna Glen.  
a) Critical curing period for all Australian sites 
All sites All sites except for Lorna Glen 
VI   rmse VI   rmse 
BNDVI 8.98 VI(152) 8.10 
mNDVI(15) 9.02 NDVI 8.20 
GVMI 9.04 mNDVI 8.21 
mGNDVI(45) 9.06 mNDVI(15) 8.42 
mNDVI(16) 9.07 VI(172) 8.46 
VI(152) 9.08 mNDVI(16) 8.47 
mNDWI(56) 9.09 RBNDVI 8.50 
mGNDVI(46) 9.14 WDVI 8.52 
GBNDVI 9.17 mNDVI(17) 8.58 
GNDVI 9.18 GRNDVI 8.59 
RBNDVI 9.21 PNDVI 8.63 
AFVI(6) 9.21 BNDVI 8.65 
NDWI(6) 9.23 GNDVI 8.74 
PNDVI 9.23 mGNDVI(46) 8.76 
WDVI 9.28 mNDWI(67) 8.78 
GRNDVI 9.30 GVMI 8.79 
mNDWI(567) 9.34 mNDWI(56) 8.80 
NDVI 9.35 mGNDVI(45) 8.82 
mNDWI(67) 9.40 mNDWI(567) 8.82 
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mGNDVI(467) 9.42 mGNDVI(467) 8.83 
VI(172) 9.50 GBNDVI 8.86 
NDWI(5) 9.54 AFVI(6) 8.86 
mNDVI(17) 9.54 NDWI(6) 8.87 
mGNDVI(47) 9.64 mGNDVI(47) 8.88 
mNDVI 9.70 SAVI 8.90 
NDWI(7) 9.78 EVI 8.96 
AFVI(7) 9.82 NDWI(7) 8.98 
SAVI 9.84 AFVI(7) 9.01 
EVI 9.91 NDWI(5) 9.39 
 
b) Critical curing period for each grass type 
Improved pastures Mixed grasses Native grasses Native hummock 
VI   rmse VI  rmse VI     rmse VI  rmse 
VI(152) 7.60 SAVI 8.11 NDVI 6.09   
mNDVI 7.61 mNDVI 8.14 mNDVI 6.17   
NDVI 7.73 NDVI 8.22 VI(152) 6.19   
GRNDVI 7.76 WDVI 8.23 RBNDVI 6.24   
VI(172) 7.79 EVI 8.24 WDVI 6.39   
RBNDVI 7.79 GNDVI 8.48 GRNDVI 6.40   
mNDVI(17) 7.85 GRNDVI 8.49 PNDVI 6.47   
PNDVI 7.89 RBNDVI 8.54 GVMI 6.49   
mNDVI(16) 7.93 VI(152) 8.56 mNDVI(16) 6.53   
mNDWI(567) 8.00 PNDVI 8.61 EVI 6.69   
mGNDVI(47) 8.03 BNDVI 8.80 VI(172) 6.71   
mGNDVI(467) 8.10 GBNDVI 8.82 SAVI 6.72   
AFVI(7) 8.10 VI(172) 9.04 mNDVI(15) 6.76   
mNDVI(15) 8.10 mNDVI(16) 9.17 BNDVI 6.79   
GNDVI 8.15 mNDVI(15) 9.17 mNDVI(17) 6.88   
mNDWI(67) 8.17 mNDVI(17) 9.28 mGNDVI(46) 6.88   
mNDWI(56) 8.19 mGNDVI(46) 9.41 GBNDVI 6.90   
GBNDVI 8.22 mGNDVI(45) 9.60 NDWI(6) 6.96   
SAVI 8.24 AFVI(6) 9.73 AFVI(6) 6.99   
EVI 8.26 NDWI(6) 9.75 GNDVI 7.02   
mGNDVI(46) 8.26 GVMI 9.77 mGNDVI(467) 7.05   
BNDVI 8.28 mGNDVI(467) 9.79 mNDWI(67) 7.09   
mGNDVI(45) 8.29 mGNDVI(47) 9.84 mNDWI(567) 7.20   
NDWI(7) 8.30 NDWI(7) 9.86 mGNDVI(47) 7.22   
AFVI(6) 8.36 mGNDVI(457) 9.95 mNDWI(56) 7.23   
GVMI 8.38 mNDWI(67) 10.00 mGNDVI(457) 7.30   
NDWI(6) 8.42 mNDWI(56) 10.08 NDWI(7) 7.31   
WDVI 8.84 mNDWI(567) 10.13 AFVI(7) 7.37   
NDWI(5) 9.25 AFVI(7) 10.23 mGNDVI(45) 7.45   
 
9.5.7 Multiple Linear Regressions and Curing 
 
Table 9.20 Parameters used for 200 MLRs calculated against Levy rod Curing (across all 
Australian sites).  The „best‟ MLRs (with lowest BIC scores, lowest rmse values and less than 
four parameters) are highlighted in bold.  
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BIC 
score 
X           X       13.22 -22.52 
X            X      13.25 -21.57 
X             X     12.92 -32.17 
X              X    13.07 -27.32 
X               X   13.05 -27.96 
X                X  13.05 -27.96 
X                 X 13.45 -15.28 
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  X         X       13.83 -3.47 
  X          X      14.28 9.73 
  X           X     13.24 -21.92 
  X            X    13.69 -7.73 
  X             X   13.95 0.01 
  X              X  13.63 -9.61 
  X               X 14.27 9.71 
   X        X       13.3 -20 
   X         X      13.76 -5.75 
   X          X     13.35 -18.48 
   X           X    13.47 -14.51 
   X            X   13.76 -5.76 
   X             X  13.77 -5.47 
   X              X 13.72 -6.9 
     X      X       12.72 -38.72 
     X       X      12.94 -31.52 
     X        X     12.95 -31.19 
     X         X    12.9 -32.82 
     X          X   12.84 -34.77 
     X           X  12.86 -34.12 
     X            X 13.04 -28.28 
      X     X       13.46 -15.01 
      X      X      15.75 50.99 
      X       X     13.68 -8.29 
      X        X    14.11 4.94 
      X         X   15.75 51.14 
      X          X  14.63 20.1 
      X           X 14.97 29.73 
       X    X       13.17 -24.19 
       X     X      13.74 -6.26 
       X      X     13.18 -23.78 
       X       X    13.28 -20.51 
       X        X   13.77 -5.36 
       X         X  13.76 -5.8 
       X          X 14.11 4.79 
        X   X       14.19 7.19 
        X    X      15.4 41.69 
        X     X     14.07 3.76 
        X      X    14.5 16.38 
        X       X   15.19 35.88 
        X        X  14.79 24.59 
        X         X 15.37 40.9 
         X  X       15.01 30.81 
         X   X      18.02 107.5 
         X    X     15.19 35.69 
         X     X    16.68 75.08 
         X      X   18.38 115.98 
         X       X  16.4 68.12 
         X        X 16.57 72.35 
     X           X X 12.02 -51.77 
  X              X X 11.37 -80.49 
  X         X     X  14.98 35.42 
  X         X      X 13.55 -6.69 
  X          X    X  13.4 -11.65 
         X  X X      11.54 -74.37 
         X  X  X     14.9 33.06 
         X  X   X    14.07 9.00 
         X  X    X   13.26 -16.02 
         X  X     X  14.95 34.44 
         X  X      X 14.93 33.84 
         X   X X     12.77 -31.57 
         X   X  X    12.6 -37.42 
         X   X   X   16.09 65.29 
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         X   X    X  13.47 -9.24 
         X   X     X 13.83 1.86 
         X    X X    14.32 16.33 
         X    X  X   13.9 3.85 
         X    X   X  15.11 39.04 
         X    X    X 15.06 37.67 
         X     X X   15.3 44.1 
X           X X   X   13.02 -18.36 
     X      X     X X 11.45 -72.2 
   X        X  X    X 11.29 -78.11 
  X          X    X X 11 -89.18 
  X         X     X X 11.28 -78.57 
X         X         10.36 -124.75 
X X                 13.28 -20.62 
X   X               13.24 -21.89 
X  X                13.11 -26.03 
X    X              13.18 -23.8 
X     X             12.92 -32.17 
     X    X         12.29 -53.09 
 X        X         13.97 0.65 
   X      X         13.1 -26.2 
    X     X         12.29 -53.02 
  X       X         11.9 -66.6 
X     X             12.92 -32.24 
X X                 13.28 -20.61 
X   X               13.24 -21.89 
X    X              13.18 -23.9 
X  X                13.11 -25.96 
  X   X             12.92 -32.07 
 X X                14.24 8.58 
  X X               13.46 -14.9 
  X  X              13.24 -21.75 
 X    X             13.05 -28.04 
   X  X             12.98 -30.22 
    X X             13.04 -28.44 
 X  X               13.71 -7.28 
   X X              13.16 -24.56 
 X   X              13.27 -20.87 
X      X            13.29 -20.23 
X       X           13.39 -17.09 
X        X          12.85 -34.42 
      X   X         15.73 50.49 
       X  X         13.4 -16.76 
        X X         13.24 -22.04 
  X       X  X       11.56 -73.68 
  X       X   X      11.89 -61.71 
  X       X    X     10.80 -102.25 
  X       X     X    11.47 -76.95 
  X       X      X   11.54 -74.15 
  X       X       X  11.18 -87.72 
  X       X        X 11.25 -84.88 
X         X  X       10.22 -125.46 
X         X   X      10.13 -128.84 
X         X    X     10.20 -126.02 
X         X     X    10.22 -125.36 
X         X      X   10.00 -134.25 
X         X       X  10.08 -131.16 
X         X        X 10.07 -131.36 
  X       X   X   X   11.03 -87.87 
  X       X   X    X  10.78 -97.52 
  X       X   X     X 10.93 -91.8 
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  X       X       X X 11.14 -83.79 
X         X       X X 10.17 -121.83 
X         X   X    X  10.17 -121.93 
X         X   X     X 10.17 -122.06 
X         X  X     X  10.15 -122.61 
X         X  X      X 10.16 -122.46 
X         X  X    X   10.03 -128.02 
X         X   X   X   10.12 -124.26 
X         X    X  X   10.11 -124.63 
X         X     X X   10.05 -126.88 
X         X      X X  10.12 -124.22 
X         X      X  X 10.11 -124.42 
X         X   X    X X 10.17 -116.73 
X         X  X     X X 10.15 -117.38 
X         X  X X   X   9.97 -124.85 
X         X   X   X X  10.11 -119.18 
X         X   X   X  X 10.1 -119.42 
X         X  X X    X  10.03 -122.26 
X         X  X X     X 10.02 -122.9 
X         X  X X X     10.2 -115.44 
X         X  X X  X    10.23 -114.08 
  X       X   X    X X 10.74 -93.69 
  X       X  X     X X 11.04 -82.2 
X         X   X   X X X 10.1 -114.31 
X         X X        10.26 -123.52 
X     X    X         10.32 -121.33 
X X        X         10.10 -130.32 
X   X      X         10.27 -123.35 
X  X       X         10.36 -119.48 
  X   X    X         10.33 -120.85 
  X X      X         10.59 -110.49 
X    X     X         10.36 -119.45 
 X X       X         11.79 -65.3 
  X  X     X         10.96 -95.89 
 X    X    X         12.04 -56.41 
   X  X    X         11.97 -58.95 
    X X    X         12.11 -53.89 
 X   X     X         12.19 -51.08 
 X  X      X         12.47 -41.78 
   X X     X         11.91 -61.07 
X X  X               13.04 -23.07 
X X X                12.81 -30.36 
X X   X              12.96 -25.64 
X X    X             12.73 -32.99 
X  X X               13.07 -21.84 
X   X X              13.1 -21.09 
X   X  X             12.9 -27.47 
X  X  X              13.08 -21.75 
X  X   X             12.92 -26.89 
X    X X             12.9 -27.39 
 X X X               13.44 -10.22 
 X  X X              13.11 -20.77 
 X  X  X             12.97 -25.2 
 X X  X              13.15 -19.53 
 X X   X             12.8 -30.78 
 X   X X             13.03 -23.29 
  X X X              13.13 -20.02 
  X X  X             12.9 -27.51 
   X X X             12.98 -24.97 
X      X   X         10.29 -122.28 
X       X  X         10.35 -120.02 
X        X X         10.32 -121.38 
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rmse 
(%) 
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X X  X  X             12.7 -28.57 
X  X X  X             12.9 -22.18 
X  X X X X             12.88 -17.33 
X X  X  X    X         10.06 -121.08 
X  X X X X             12.88 -17.33 
X X X X X X             12.69 -18.33 
X X X X X X    X         9.97 -114.28 
 
 
Figure 9.67 Correlations between measured Levy rod curing and predicted curing from seven 
candidate MLRs for all Australian sites except for Lorna Glen. 
 
 
Figure 9.68 Correlations between measured Levy rod curing and predicted curing from seven 
candidate MLRs for all Australian sites (curing > 60%) 
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Figure 9.69 Correlations between measured Levy rod curing and predicted curing from seven 
candidate MLRs for all Australian sites except for Lorna Glen (curing > 60%) 
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9.6 SPATIAL SCALE STATISTICS 
 
9.6.1 NDVI with spatial scale 
9.6.1.1 NDVI time-series 
 
 
Figure 9.70 NDVI time-series for all pixel windows, except for 21 * 21, 35 * 35, and 75 * 75 
(using the arithmetic mean) at all Australian field sites. 
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9.6.1.2 Measured curing against predicted curing (derived from NDVI) 
 
 
Figure 9.71 Braidwood correlations between measured Levy rod curing and predicted curing 
(from NDVI), for each size pixel window 
 
 
Figure 9.72 Darnum correlations between measured Levy rod curing and predicted curing 
(from NDVI) for each size pixel window 
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Figure 9.73 Tooradin correlations between measured Levy rod curing and predicted curing 
(from NDVI) for each size pixel window 
 
 
Figure 9.74 Mt Hart (Sandstone) correlations between measured Levy rod curing and predicted 
curing (from NDVI) for each size pixel window 
 
 
Figure 9.75 Ballan correlations between measured Levy rod curing and predicted curing (from 
NDVI) for each size pixel window 
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9.6.2 Candidate vegetation indices with spatial scale 
 
9.6.2.1 Correlation coefficients (rmse) 
 
 
Figure 9.76 Correlation coefficients (rmse) for NDVI and Levy rod curing for each trimmed 
mean plotted against spatial scale 
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Figure 9.77 Correlation coefficients (rmse) for SAVI and Levy rod curing for each trimmed 
mean plotted against spatial scale 
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Figure 9.78 Correlation coefficients (rmse) for GVMI and Levy rod curing for each trimmed 
mean plotted against spatial scale 
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Figure 9.79 Correlation coefficients (rmse) for mNDVI and Levy rod curing for each trimmed 
mean plotted against spatial scale. 
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Figure 9.80 Correlation coefficients (rmse) for GNDVI and Levy rod curing for each trimmed 
mean plotted against spatial scale. 
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Figure 9.81 Correlation coefficients (rmse) for BNDVI and Levy rod curing for each trimmed 
mean plotted against spatial scale. 
 
Table 9.21 ANOVA results of mNDVI (modified NDVI) time-series for each cluster subset using 
the arithmetic mean of each pixel window. 
 South Gippsland ACT and NSW Kimberley 
F statistic P value F statistic P value F statistic P value 
1 * 1 14.19 <0.0001 76.47 <0.0001 28.67 <0.0001 
3 * 3 15.02 <0.0001 69.25 <0.0001 5.40 0.0048 
5 * 5 15.43 <0.0001 71.16 <0.0001 4.21 0.0154 
11 * 11 15.19 <0.0001 94.27 <0.0001 3.39 0.0345 
21 * 21 19.87 <0.0001 115.95 <0.0001 4.69 0.0097 
35 * 35 28.98 <0.0001 140.27 <0.0001 3.94 0.0201 
49 * 49 35.75 <0.0001 189.15 <0.0001 2.97 0.0523 
75 * 75 34.47 <0.0001 210.77 <0.0001 1.18 0.3082 
99 * 99 45.90 <0.0001 217.87 <0.0001 0.72 0.4887 
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Figure 9.82 Google Earth image of Kimberley sites overlayed by variable MODIS (x * x) pixel 
windows. 
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9.7 AVHRR DATA 
 
9.7.1 Time-series  
 
 
Figure 9.83 AVHRR time-series of bands 1 and 2, and NDVI for each site (January 2005 to 
December 2008) 
 
 
349 
 
 
Figure 9.84 Time-series of in situ Levy rod curing and predicted curing derived from MODIS 
NDVI and AVHRR NDVI from January 2005 to January 2009. 
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9.7.2 Band comparisons 
 
 
Figure 9.85 AVHRR band 1 against band 2 for each grass type using the complete time-series. 
 
9.7.3 NDVI Cluster analysis  
 
Table 9.22 ANOVA results of field sites of different grass types (using AVHRR data).  All 
correlations are significant (p<0.0001). 
Improved pastures Mixed grasses Native grasses Native hummock F statistic 
Ballan Braidwood Jerona  119.80 
Caldermeade Brooklyn Lakefield  98.30 
Darnum Durran Durra Ryans Farm  279.02 
Kaduna Colinton Mt Hart (Sandstone)  163.36 
Kilcunda Majura Parry Lagoons  176.88 
Tooradin Tidbinbilla Silent Grove (Blacksoil)  82.28 
Simcocks  Silent Grove (Sandstone) Lorna Glen 451.52 
Caldermeade Braidwood Jerona  208.44 
Darnum Brooklyn Lakefield  351.76 
Kaduna Durran Durra Ryans Farm  61.68 
Kilcunda Colinton Mt Hart (Sandstone)  136.87 
Tooradin Majura Parry Lagoons  141.78 
Simcocks Tidbinbilla Silent Grove (Blacksoil)  140.59 
Ballan  Silent Grove (Sandstone) Lorna Glen 146.90 
Caldermeade Brooklyn Jerona  243.19 
Darnum Durran Durra Lakefield  482.44 
Kaduna Colinton Ryans Farm  79.14 
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Kilcunda Majura Mt Hart (Sandstone)  131.88 
Tooradin Tidbinbilla Parry Lagoons  123.17 
Caldermeade Braidwood Lakefield  86.20 
Darnum Brooklyn Ryans Farm  223.81 
Kaduna Durran Durra Mt Hart (Sandstone)  183.58 
Kilcunda Colinton Parry Lagoons  186.05 
Tooradin Majura Silent Grove (Blacksoil)  96.43 
Simcocks Tidbinbilla Silent Grove (Sandstone)  170.60 
Ballan  Jerona Lorna Glen 177.25 
Simcocks Braidwood Silent Grove (Blacksoil)  151.90 
Caldermeade Brooklyn Ryans Farm  64.72 
Kaduna Durran Durra Lakefield  108.59 
Tooradin Colinton Parry Lagoons  152.56 
Darnum Majura Jerona  828.13 
Ballan Tidbinbilla Silent Grove (Sandstone)  71.55 
Kilcunda  Mt Hart (Sandstone) Lorna Glen 264.80 
All sites 150.82 
All sites except Lorna Glen 132.38 
 
9.7.4 Predicted curing from NDVI 
 
 
Figure 9.86 Improved pastures (excluding Simcocks): a) AVHRR NDVI against in situ Levy rod 
curing and b) in situ Levy rod curing against predicted curing (derived from NDVI) using data 
from the critical curing period (>60%). 
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Figure 9.87 Mixed grasses: a) AVHRR NDVI against in situ Levy rod curing and b) in situ Levy 
rod curing against predicted curing (derived from NDVI) using data from the critical curing 
period (>60%). 
 
 
Figure 9.88 Native grasses: a) AVHRR NDVI against in situ Levy rod curing and b) in situ Levy 
rod curing against predicted curing (derived from NDVI) using data from the critical curing 
period (>60%). 
 
 
Figure 9.89 All sites (except Lorna Glen and Simcocks): a) AVHRR NDVI against in situ Levy 
rod curing and b) in situ Levy rod curing against predicted curing (derived from NDVI) using 
data from the critical curing period (>60%). 
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9.7.5 Climate History 
 
 
Figure 9.90 Mean annual rainfall in Australia from 1980 to 2008 (BOM, 2008). 
 
 
Figure 9.91 Annual maximum temperature anomaly (based on 30-year climatology) in Australia 
from a) 1910 to 2008 and b) from 1992 to 2008 (BOM, 2008). 
 
